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SUMMARY
The variation of viscosity of various polymer melts under constant 
shear rate conditions has been investigated using a biconical viscometer, 
cone-plate viscometer and capillary rheometer. The validity of the 
biconical viscometer edge zone correction was investigated. Comparisons 
between the three types of viscometer showed that sample fracture at the 
material boundary contributed to the decrease of viscosity with time of 
shearing occurring in the cone-plate viscometer. Polymer melts are 
subjected to hydrostatic pressure within the biconical viscometer and 
fracture appears to be prevented. Shear stress - shear rate - time 
relationships were obtained for the materials studied with the biconical 
viscometer at shear rates up to a few reciprocal seconds. There was 
good agreement with capillary data at high shear rates and cone-plate 
data at low shear rates.
A recoverable decrease of viscosity with time of shearing was 
found to occur. Both the fractional decrease in viscosity and the time 
taken to recover the original viscosity become smaller as the temperature 
is increased.
Shear stress - shear rate - time relationships were also obtained
for volume concentrations of up to 0.085 of rigid spheres of diameter
75-90 pm and 25-45 ym dispersed in polymer melts.
For the suspensions studied, the ratio viscosity of the suspension/
viscosity of the melt evaluated under comparable conditions of shear 
rate and pretreatment was independent of the time of shearing, up to 
ninety minutes, and of the shear rate, 0.24-1.42 s**1.
Control experiments were also carried out with suspensions in a 
Newtonian fluid. No significant difference in the dependence of on 
Cv was noted from comparisons made either between the various suspensions 
in the polymer melts studied or between the aforementioned suspensions 
and those in Newtonian fluids. A description is also given of particle 
migration effects which were apparent in suspensions which had been 
sheared for long times in the Biconical Viscometer.
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CHAPTER ONE 
INTRODUCTION
1.1.
The work which is reported in this thesis is the consequence of 
an attempt to measure shear stress - shear rate - first normal stress
difference relationships for various filled and unfilled polymer melts,
and their dependence upon time of shearing, with a reproducibility of 
better than ± 1%. Such data were required in order that an attempt 
could be made at.elucidating the effect of rigid particles on the flow 
properties of polymer melts. The value of ± 1% quoted is that considered
necessary if relative viscosity data were to be produced which could be
compared usefully with theoretically derived suspension viscosity 
relationships.
Reproducibility of both instrumentation and sample preparation 
were both aimed for and achieved. It is considered that the resulting 
data on pure polymer melts are extremely accurate and worthy of comparison 
with, similar data obtained by other workers.
The work on pure polymer melts was successfully extended to include 
data collection of similar accuracy from suspensions of rigid spheres 
in polymer melts.
The rheology of the above materials is felt to be of importance 
since a knowledge of their shear stress, shear rate, normal stress 
difference relationships is necessary if they are to be processed 
efficiently. Since melts are high viscosity viscoelastic fluids, such a
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characterization may present difficulties. The addition of fillers to 
molten polymers is common industrial practice, mineral fillers being 
added to improve such properties as the hardness, high temperature creep 
resistance9 stiffness etc. of the finished product. The viscosity of 
the melt is increased by the addition of fillers , the ratio of the 
viscosity of the filled melt to the viscosity of the pure melt being 
called the relative viscosity n .
Much work has been carried out on suspensions in Newtonian fluids - 
that is fluids whose viscosity is independent of shear rate or time -• 
and theoretical and empirical equations relating relative viscosity to 
solids concentration have been derived. Polymer melts however exhibit 
non-Newtonian flow behaviour - that is the viscosit}^ of the fluid is 
dependent on the shear rate - and in addition, their viscosity varies 
with time of shearing. This investigation is further complicated by 
the fact that melts are high viscosity materials whose molecular weight 
may be altered by the process of suspension preparation either b}?- shear 
degradation or chemical breakdown due to the high temperatures used.
Fillers were chosen which would yield results most amenable to 
formulation of concentration - relative viscosity equations. The maximum 
volume concentration studied was such that the viscosity increase 
produced was dominated by hydrodynamic rather than particle-particle 
structure forming interactions.
1*2. Measurement of Flow Behaviour of Polymer Melts
Suitable viscometers must be chosen to investigate the flow 
behaviour of polymer melts. Rotational instruments such as concentric 
cylinder, cone-plate and biconical viscometers were considered as were 
capillary viscometers.
The shear stress, t , and shear rate, y, for a polymer melt in steady 
flow are generally approximately related by a power law equation, at any 
rate over a restricted range of shear rates, and it is convenient to 
make use of this relationship, for example in calculating edge corrections. 
In this thesis, the following form of the power law relationship is used:
where n is referred to as the "non-Newtonian flow index" and is generally
less than unity, and k is a constant. Viscosity, n, is defined by q = —  .
Y
Two additional quantities which are of interest in defining the 
state of stress in a polymer melt are the two normal stress differences,
p ll~ p 22 = a l and P 22*~ p 33 = °2 ^see Lod®e 195^) where p n , p£2 and p g3 
are components of the stress tensor. It is possible to determine <jj
from thrust measurements exerted normally to the cone and plate by
polymer sheared within such a viscometer. a2 is not considered further
since it is more difficult to measure and is probably small compared to
c j or t •
Factors thought to be of relevance concerning the choice of suitable 
viscometers were:
a) Flow variables measurable by the viscometer,
b) . Possible instrumental contributions to measurable variables;
c) Reproducibility of data;
d) Ease of sample loading and of cleaning the viscometer:
e) The possibility of the suspension dispersion becoming non-uniform 
during shear within the viscometer.
-  <4 -
ROTATIONAL VISCOMETERS 
Cone Plate
A great advantage of cone-plate viscometers is the uniformity of 
the shear rate within the sheared fluid. It is therefore a simple matter 
to obtain shear* stress - shear rate data from torque - angular velocity 
information even for the case of non-Newtonian fluids. In addition, a,
4.
data may be obtained from thrust measurements recorded normally to the 
platens.
The Rheogoniometer3 manufactured by Sangamo Controls Ltd., is such 
an instrument which also has facilities for the measurement of normal stress 
differences produced in sheared melts.
However, occurrences of anomalous behaviour such as sheared material 
"fracturing” or forming new surfaces within the viscometer gap, or being 
ejected from the viscometer even at shear rates less than 1 s'"1, reported 
in the literature for polymer melts and other fluids led to such instru­
ments being viewed with suspicion.
Diconicai Viscometer
In this viscometer, polymer is sheared between the wide angled cones 
of a rotating biconical rotor, and the flat top and bottom of a closed 
chamber and also between the rotor tip and chamber edge which have semi­
-circular cross-sections (see figure 2.1). The sheared melt is contained 
and is under hydrostatic pressure. It was therefore considered likety 
that valid viscosity measurements could be made up to higher’ shear rates 
with such an instrument than with a simple cone-plate viscometer where 
the melt may fracture at the air-meIt boundary.
- 5 -
A disadvantage associated with the instrument is the uncertain 
shearing regime which exists within the "edge zonen of the viscometer.
An investigation 'was mounted to decide whether reliable shear stress- 
shear rate data could be obtained from the viscometer.
Concentric Cylinder Vis cometer
Fluid is sheared in the annulus between too concentric cylinders s 
one of which rotates. An advantage associated with the use of such a 
viscometer is the probability of less rapid particle migration occurring 
within sheared suspensions. Difficulties inherent in the use of such 
viscometers for the study of high viscosit;/ materials are:
a) the precise and rigid location of the too cylinders;
b) the loading of the viscometer in a bubble free manner;
c) the cleaning of the viscometer after use.
Such a design was not therefore adopted.
CAPILLARY VISCOMETERS
Fluid is sheared during flow through a uniform bore tube or 
capillary. Reliable shear stress-shear rate data for polymer melt flow 
may be obtained from such viscometers.
An overwhelming disadvantage regarding their use in suspension 
rheology is the reported redistribution of particles which occurs during 
tube flow3 the particles forming rings of high and low particle density.
- 6 -
Instruments Chosen
Capillary viscometers, the Rheogoniometer and the biconical 
viscometer were used with unfilled polymers for the earlier stages of 
the work which were concerned with evaluation of the biconical viscometer 
and an investigation of the time dependence of polymer viscosity.
The biconical viscometer was chosen for the later stages of the 
programme of work, that is the flow behaviour of suspensions in polymer 
melts. The reproducibility of shear stress-shear rate data was better 
with the biconical than with the other viscometers.
1.3. Methods of and Criteria for Suspension Preparation
If it has been found possible to record shear stress-shear rate data 
and any variation with time of shear using one of the instruments 
described in the previous section, then one stage of the investigation 
necessary for_the evaluation of viscosity - particle concentration 
relationships has been accomplished.
The next objective is to record the viscosity of polymer melts 
within which a known volume of particles of required shape and size have 
been uniformly dispersed.
Certain requirements have to be met:
(i) the particles must be uniformly dispersed in the melt without 
any affect on the melt properties other than that incurred by 
the presence of the particles;
(ii) the particles must remain uniformly dispersed during shear - 
that is 5 migration effects must be insignificant during the 
time scale of the experiment;
- 7 -
(iii) the volume concentration must be accurately known;
(iv) it must be possible to accurately measure the viscosity of 
the suspension.
A satisfactory method of particle incorporation was found as was 
a method of checking the volume concentration of dispersed solid.
An investigation was mounted into the degree of particle 
dispersion within the suspension both before and after shear. It was 
found possible to use the biconical viscometer to obtain viscosity 
measurements of reasonable accuracy. Unfortunatelys it was not found 
possible to obtain normal stress differences using the Rheogoniometer 
with a sufficient accuracy to enable normal stress difference - volume 
concentration relationships to be evaluated.
1.4. Suspension in Newtonian Media
In addition to the preceding investigation, tests were carried out 
using a concentric cylinder viscometer at 30°C on suspensions in a 
Newtonian medium. The suspended phase was that used in the polymer melt 
investigation.
1.5. Format
In chapter two, the biconical viscometer and the procedure for 
evaluating shear stress versus shear rate data from torque versds 
angular velocity data are described while in chapter three a description 
is given of the cone-plate and capillary viscometers.
Chapter four consists of a review of reported time dependent 
behaviour which occurs during the flow of polymer melts and a description 
of polymers chosen for the tests.
In chapters five and six, the results of the investigation into the 
variation of the viscosity of various polymer melts under constant shear 
rate conditions are described and discussed as is the validity of the 
biconical viscometer edge zone correction and the interpretation of thrust 
data obtained from the Rheogoniometer. Chapter seven deals with shear 
heating effects within the biconical viscometer.
Chapters eight to eleven are concerned with the rheology of 
suspensions of spheres dispersed in polymer melts, chapter eight being 
an introduction and review whilst in chapter nine the suspension test 
materials and preparation techniques are described and discussed.
The state of particle distribution before and during tests is of 
great importance and the procedures used and the results of such 
investigations are described in the latter part of chapter nine and in 
chapter ten. In chapter eleven, quantitative data concerning the visco­
sity of polymer suspensions are described and discussed.
In sections 3.5 and 9.6, a description of the apparatus and tech­
niques used to test suspensions in the Newtonian polybutene fluid is given
and in chapter eleven the results of this section of the investigation 
and their correspondence with the work reported concerning suspensions 
in polymer melts are detailed.
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CHAPTER TWO 
THE BICONICAL VISCOMETER
2.1. Description of Instrument
The biconical viscometer (Piper and Scott 1945) is a modification 
of the Mooney shearing disc viscometer (Mooney 1934). Polymer is 
sheared in the space between the wide angled cones of a rotating biconical 
rotor and the flat top and bottom of a closed chamber and also between 
the rotor tip and chamber edge which have semicircular cross sections 
(see figure 2.1). The two halves of the chamber are bolted onto steel 
platens which are heated by embedded resistance coils and strip elements.
The platen temperatures are controlled by a Sunvic RT 2 resistance thermo­
meter controller and a Fielden precision temperature controller, later 
replaced by a temperature controller type RPS 2 manufactured by W.H.
Mayes Ltd. Each controller is connected to a resistance thermometer 
detecting element located within the platens. The strip elements are 
Bray Chromalox, type SEO 8 (225 watts each at mains voltage) resistance 
elements, 2 being bolted to each platen in order to boost the maximum 
temperature attainable from 160°C to over 200°C. The elements are connected 
in parallel to a Variac voltage regulator. The temperature within the 
chamber is kept constant to within ± 0,1°C.
The biconical rotor is made in two pieces, the head being detachable 
from the stem. It is turned by a variable speed D.C. motor (BTH shunt 
wound 1 HP DC). The speed is controlled by a solid state controller 
(Saunders type FHP 37) which regulates the field current to the motor 
and monitors the back emf generated in the armature. The motor drives
| D isplacem ent  
| transd ucerl is’Rotor sh a ft  
axis
C anti lev e r 
spri ng
Dial
guage
Gear
driveWor m
Figure 2.2 Schematic Plan view of the Biconical Viscometer worm 
drive/torque measurement system.
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through a 4 speed (1:10:102 :103) reduction gearbox. The rotor speed is 
monitored (to ± 0.1%) by a photo-diode Timer Counter (Advance Type 
TC 12 A) system which measures the frequency of light pulses generated 
by shining a light through a disc having 100 holes round its circumference 
which rotates on the gearbox ariveshaft. A stroboscope is also used as 
an additional speed check.
The torque required to rotate the rotor produces a backthrust on 
the worm drive which in turn deflects a cantilever spring (see figure 
2.2). The deflection of this spring9measured by means of a dial gauge 
(lO-V* divisions) or a Philips mutual inductance gauge - bridge system 
connected to a recorder is proportional to the torque. In this type of 
instrument* it is essential that leakage of sample should be small where 
the rotor stem passes through the cavity wall. The necessary small 
clearance led to friction in the original Piper-Scott design unless 
alignment was extremely precise. Early in the present investigation a 
PTFE sleeve was let into the bearing surface of the cavity; this made 
alignment less critical and very few subsequent results x/ere rejected 
because of suspected friction. The torque due to friction between the 
rotor shaft and PTFE sleeve is difficult to assess as it is likely to 
depend on the pressure within the chamber. It was measured by rotating 
a dummy shaft without a head in a polymer filled chamber and was found 
to be less than 1% of the average level of torque during tests.
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Calibration of Instrument 
Torque measurement
The cantilever spring was calibrated using the following procedure:
clcityipaJ
Two pulleys were clamped on a Dexion framework which was changed to the 
biconical viscometer lower platen (see figure 2.3). A drive pulley was 
mounted on the rotor stem in place of the biconical rotor head. The 
pulleys on the dexion framework were mounted so as to be equidistant 
from the drive pulley, the diameter of which was known (± 0.01%). Weight 
hangers were connected via cord to the drive pulley, and known weights 
added and raised by rotating the driveshaft by the motor. Displacement 
readings of the horizontal driveshaft against the cantilever spring were 
noted on the dial gauge and graphs drawn of displacement against torque 
exerted (see figure 2.4). It was found that consistent results were 
obtained when the weights were raised at a constant rate, and if they were 
being progressively added or taken off. This gave an assurance that 
pulley and other sources of friction were not very important. The 
inductance transducer recorder system was calibrated from dial gauge 
readings. The calibration constant of the cantilever spring was found to 
be 1.82(5) x I0k dyne cm/dial division. Further calibration runs revealed 
that the constant did not alter with time. Dial readings were used in 
preference to the recorder system to obtain precise values of torque.
Rotor angular velocity
If the number of revolutions of the gearbox driveshaft corresponding 
to one revolution of the rotor shaft is ascertained for each gearbox 
setting, then a direct conversion from gearbox revolutions per second to 
rotor angular velocity and hence shear rate is possible.
Biconical Viscometer
Vacuum mould
PLATE 2.1
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During tests, the gearbox driveshaft revolutions per second were 
monitored from the frequency of light pulses generated by the photodiode 
/100 holed disc/ Timer counter system. The frequency in Hz therefore 
corresponded to the number of revolutions of the shaft per second x 1 0 0 .
The frequency was determined over ten second and one second periods in 
order to check drive rate consistency. A further check was made using a 
Stroboscope system.
2.2. Sample Preparation
A major problem with this instrument is the filling of the test space 
with polymer without entrapping air.
Air entrapment was found to occur at two stages in the procedure:
(1 ) during moulding of the polymer
(2 ) during loading of the test space with premoulded polymer samples.
It was not possible to mould the polymer granules cr powder around the 
rotor whilst it was within the viscometer chamber since gross air entrapment 
occurred. A compromise was tried whereby discs, 3 mm thick and of 
diameter similar to that of the chamber were moulded and then placed in the 
heated chamber on either side of the rotor. However, air was trapped in 
the chamber whilst the discs melted and welded together. This method was 
therefore abandoned and another technique sought.
Method adopted
The following vacuum moulding system and technique was developed as 
the result of experience with two prototypes. It consists (see figure 2.5) 
of a moulding cavity which is encircled by a spue cavity. The removable 
top section of the mould, referred to as the plunger platen, may be raised
- 20 -
or lowered by means of three bolts. The ”0" ring fitted between the plunger 
platen and the lower section of the mould produces an air tight seal 
and hence a vacuum may be pulled into the mould through the tube fitted 
through its side.
The following features are thought to be of importance:
(a) Flow of the molten polymer within the moulding chamber is 
encouraged9thus preventing voiding occurring due to lack of flow 
around the rotor;
(b) The pressure exerted on the polymer during cooling helped
prevent voiding occurring within the moulding as the polymer crystal­
lized;
(c) Methods of mould opening are incorporated;
(d) The rubber vacuum sealing rings are not in contact with the 
polymer. A better vacuum and longer seal life is therefore 
obtained.
Specimen moulding procedure
The moulding cavity was overfilled with powdered or granular 
polymer5 surrounding the rotor. The plunger platen was then replaced, 
the mould was placed within a press used solely for heating purposes 
and the vacuum was applied by means of a rotary pump 25 torr). The 
top platen raising-lowering bolts were unscrewed after several minutes 
allowing the platen to exert pressure on the polymer due to the vacuum 
within the mould. The moulding temperature was 135°C for LDPE, 145°C 
for HDPE, polystyrene, and polystyrene/butadiene an<^  130°C for EVA. The 
optimum moulding temperature is decided by the viscosity of the melt.
- 2 1  -
If the viscosity is too low the plunger platen travels down and makes 
contact with the moulding cavity ring and voids are formed within the 
polymer due to lack of pressure from the plunger platen during cooling 
of the melt. If the viscosity is too high then the process takes an 
excessive time. After thirty minutes when the plunger platen was about 
2 mm from the metal moulding ring the mould was allowed to cool slowly, 
rapid cooling of the molten polymer leading to voiding. When the polymer 
was below its melting point the mould was cooled rapidly by means of 
water cooling. The mould was opened by means of the three bolts and the 
polymer encased rotor taken out and placed on the rotor stem located 
within the viscometer chamber. The chamber was then closed, forcing 
out excess polymer and expelling any air trapped between the polymer 
disc and chamber.
This technique prevented noticeable air entrapment as judged by 
lack of visible air pockets and a highly significant improvement in the 
reproducibility of rheological data, and was used for all the tests 
reported in this thesis.
2.3. Biconical viscometer testing procedure
The motor (the drive system being in neutral), speed and torque 
measuring systems and heating system were switched on several hours 
before testing was commenced to allow stabilization of measuring equip­
ment and test conditions to occur.
A polymer rotor testpiece was prepared and loaded into the visco­
meter as described in the previous section. The system was then allowed to 
reach' the test temperature. It had been discovered, by placing a thermo­
couple in the melt that equilibrium was reached within fifteen minutes 
of loading the specimen and after this time had elapsed testing was commenced.
- 2 2 -
The shear rate and hence motor speed to be used was selected with the 
gearbox in neutral. Shearing was commenced by selecting the appropriate 
gear and simultaneously starting the timing clock. Dial readings of 
torque were recorded at predetermined intervals and the form of the torque 
against time plot was monitored on the pen recorder.
According to the test programme, the next shear rate was selected.
At the completion of the shear rate routine, the chamber was opened, 
the rotor removed and the system cleaned using a blunt soft metal spatula 
and, in the case of particulate or sticky systems, a rag soaked in 
petroleum spirit.
The typical fluctuation in the dial reading recorded at apparently 
constant torque was ± 3 divisions. The percentage value obviously varied 
with torque, but a typical value would be ± 0.3%. The typical reproduci­
bility between test runs on independent but nominally identical samples 
was ± 1 to 2%.
2.^. Shear Stress and Shear Rate Calculations
It is assumed that laminar, isothermal flow, with no slip at the 
chambers rotor boundaries occurs. The shear rate is substantially constant 
in the material sheared between the conical and flat surfaces and equal 
to w/a where w is the angular velocity of the rotor and a is the angle 
between the two surfaces. It is necessary to consider the material between 
the radiused rotor tip and radiused chamber outer edge, called the edge 
zone,where the shear rate varies in a more complicated manner. Piper 
and Scott made several assumptions concerning the flow in this region.
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These are:
(1) The relationship x = kyn (where y is the shear rate and x the shear 
stress within the fluid) adequately represents the flow law over 
the relatively small range of stresses which significantly contribute 
to the edge torque;
(2) the material in the edge zone may be considered to be moving as 
laminae semicircular in section9 round the axis of rotation, FOG, 
the material in any one lamina having a fixed angular velocity;
(3) the torque about the rotor axis FOG, produced by the shear stress 
acting at the surface of a material element in the imaginary lamina 
is independent of the radius of curvature r of the lamina, measured 
from the rotor edge zone origin H (see figure 2.6).
The optimum viscometer dimensions to ensure that assumptions (2) 
and (3) are good approximations are considered later in this section.
Using the above assumptions they derived the following expression 
for the total torque on the rotor:
n
i - 3 7TP k - + 2ir2kunX (1)
which is eciuivalent to
T = —• irp3x + 2ir2x Xctn (2)3 u u
The first term arises from the uniform stress x assumed to exist to a
u
radius p and the second term gives the edge zone contribution.
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T
Figure 2.7 Dependence of on n.
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has been computed for a range of values of n for each geometry used and 
since it does not vary rapidly with n, (see figure 2.7) interpolation 
is simple. For the same reason, an approximate value of n derived from 
the slope of a graph of log to against log T (equivalent to assuming X 
is constant over a range of stresses) is sufficient to determine X and 
thus it is possible to determine tu frop the total torque.
Approximation to the Flow regime at radius p
Considering assumptions (2) and (3), it is of interest to do the 
following calculation to approximate the fluid velocity in the region 
where the "uniform shear region" and "edge zone region" join.
This treatment is concerned with the theoretical fluid velocity in 
the region AE (see figure 2.6), which will, by symmetry, be equivalent 
to CD. The flow regime along AE due to the uniform shear region in the 
absence of the edge zone region, may be approximated, as may the flow 
regime along AE due to the edge zone region in the absence of the uniform 
shear region.
Obviously the actual flow regime will be made up from a combination 
of the two regions but an idea of the "mismatch” along AE between the two 
regimes may be ascertained:
Velocity of 
annulus of 
radius r = cJ H Velocity 
of inner cylinder 
= co
Figure 2.8 An analogy to the Biconical Viscometer edge zone
C h a m b e r Rotor
n = 0-59 
C one-p la te  region
Edge zone region
0-5
0-47
046 001
0-5
Fractional d is tance  across gap
Figure 2.9 Dependence of the "mismatch" between cone-plate
R.
and edge zone region on the ratio
R.
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Cone-plate region
The fluid velocity w 7 within the cone plate region at a given 
radius r (Rj < r < R2) along AE is given by
Edge-zone region
A similar expression may be derived for the flow field along AE due 
to the edge zone region:
Using the Piper-Scott assumptions (2) and (3) the following simplification 
may be made:
Consider two concentric cylinders of radius Rj and R^ (R^ < R^) 
and length up the gap between them being filled with a fluid which obeys 
a power law. The inner cylinder is being pulled through the outer at a 
constant velocity pu>. (see figure 2.8).
The velocity of a fluid element on AE at a radius r from the tube 
centre (R^ < r < R2) is pw’ where w 7 is a function of r.
The total force F acting on any fluid anulus or lamina of radius r 
and length irp is
F = 27r^prkYn 
and is a constant9 independent of radius r.
Therefore y = Kr
Referring back to figure 2.6 it can be seen that
• -  d t n  _ ' dw*
y = (pw ) = P ^dr dr
and hence
= K.r n dr 1
Therefore a by integration,
i - i
v n
lr
0) ’ = ----- :—  + C
1 - -  n
Since to7 = u at r = Rj and 0 at r = R^
l - ±
c .  “
or
w
i _ i
n
1_ I 1" n
Rj n -R2
For comparison with the cone-plate expression, this may be expressed 
in terms of p which is the fractional distance across the gap measured 
from the stationary surface r = R .
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Figure 2.9 is a graph of —  I for the theoretical cone-plate regime, this
w I
P .
bein, a straight line, and the edge zone regime along AE for several 
edge zone dimensions, the R^/R2 ran£e being 0.44 to 0.02.
Hence it may be observed that the magnitude of the "mismatchn 
decreases as R more closely equals R^.
Choice of viscometer dimensions
The following factors should be considered when choosing the 
viscometer dimensions if optimum agreement between the flow situation 
assumed in the Piper-Scott theoretical treatment and the physical shear 
regime is to be realized:
a) the ratio p:R2 should be as large as possible in order to approximate 
assumptions (2) and (3).
b) The rdtio RX:R2 should be as near unity as possible in order to create 
a small "mismatch" between the theoretical edge zone and cone-plate 
shearing regimes. However, such a choice of dimensions increases the 
contribution of the edge zone to the total torque.
For wbrk involving suspension rheology, the size of the filler 
particles relative to the cone-plate gap is of great importance. This 
restricts the minimum value of cone-plate gap angle a possible.
When a certain value of p and have been decided upon, R2 is 
decided by the angle a . At a fixed radius p , the smaller the angle a 
the more closely Rj equals R2. However as a is decreased, the effect 
of machining accuracy becomes of more significance, as does the importance 
of the correct positioning of the cone with respect to the chamber or 
plate.
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Piper and Scott assumed in their derivation of equation 3 that
sihce r << p 0
-  +  1
(p + r cos 9)
may be expanded binomially and providing n - 1, all terms after the second 
may be neglected.
The error introduced by this assumption was found to be less 
than 0.4% for n values between 0.90 and 0.01. This value was obtained 
by calculating (a) torque values using Piper and Scott’s expression 
which involved the above assumption and (b) torque values using a 
numerical integration method whereby
n + 1(p + r cos 9)
could be integrated to 0.1% accuracy; and comparing the two quantities.
As far as I am aware, the Piper-Scott expression for the edge zone 
torque has not previously been verified experimentally and rotors and 
corresponding chamber having the dimensions given in Table 1 were 
constructed in order to investigate the validity of the assumptions 
made. The finite edge radius adopted by Piper and Scott was retained in 
preference to the sharp edge adopted by Best and Rosen (1968) as this 
makes it possible to compare grooved and smooth rotors to check on 
slippage effects. Furthermore, the assumptions implicit in equation 1 
are not valid for very small values of Rj/R,,.
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Table 2.1 Rotor and Chamber Dimensions
p cm ' Special feature
3.00
3.00
3.00 
2.50
3.00 Grooved Rotor and
Chamber.
3.00 Sharp edge.
Results of tests with these rotors are compared with each other and with
results obtained using other viscometers, in chapter 5.
At least two factors must be considered if cone-plate systems with
gap angles a of % 7° are to be used. These are:
(1) The established theory is based on the assumption that the fluid 
streamlines are circles and the shearing rate is constant. Flow 
visualization experiments by Hoppmann (1964) using cones of angle a 
between 1 and 40° have shown that this major premise is at least 
to some degree false especially for large values of a since secondary 
flows were observed. For the purpose of this thesis, it is assumed
that such secondary flows are relatively weak and hence may be
neglected in the determination of shear stress and shear rate and normal 
stress differences. They are reconsidered as possible contributions 
to particle migration.
Rotor R^ cin R cm - a radians
0.10 0.36 0.087
0.20 0.46 0.087
0.10 0.47 0.123
0.10 0.41 0.123
0.10 0.47 0.123
0 0.47 0.155
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(2) The expression y = m/a is a first approximation, valid for very small 
values of cu according to Adams and Lodge (1964), the use of this 
approximation for Newtonian fluids sheared between a cone and plate 
results in an error of 0.02, 0.18, 0.50 and 2.0% for values of a 
of 1, 3, 5 and 10 degrees. It was considered therefore that such a 
treatment was reasonable (a) for comparing cone-plate data with 
that obtained from other types of viscometer sinbe the above errors 
are small with respect to data reproducibility; (b) for relative 
viscosity evaluation, this involving a comparison between data 
obtained on the same viscometer for materials having rather similar 
properties, the error therefore being minimised.
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CHAPTER THREE 
OTHER VISCOMETERS USED
3.1, Weissenberg Rheogoniometer
Description
The instrument used was a model R 18 manufactured by Sangamo 
Controls Ltd., Bognor Regis. The rheogoniometer was used as a cone- 
plate instrument for the measurement of variation of shear stress and 
first normal stress difference with time over a range of shear rates.
The material under test is sheared at a constant rate between a 
rotating circular plate and stationary cone. The bottom plate is 
rotated via a 60 speed logarithmically stepped gear box and electro­
magnetic clutch, by a three phase one HbrSe Power electric motor. The 
torque exerted on the cone through the sheared fluid is measured by a 
linear inductance transducer - torsion bar system, an air bearing minimi­
sing spurious frictional effects within the measuring head. Any forces 
exerted by the material under test tending to separate the platens are 
measured and counteracted by a servo-cantilever system.
The test chamber is heated by an electric oven and the sample may 
be surrounded by an inert atmosphere of nitrogen. Port holes positioned 
in the oven wall provide a limited view of the cone and plate.
Testing Procedure
The electronics equipment, chamber heaters and nitrogen supply 
were switched on four hours before commencing testing. The nitrogen flow 
rate was kept constant as this affected the chamber temperature. When
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the test temperature had been reached, this being monitored by a thermo­
couple probe located within the cone, the cone-plate gap set procedure 
was carried out.
Theoretically the apex of the cone should be in contact with the 
rotating plate, but to prevent spurious frictional effects the apex is 
truncated and the cone positioned so that the theoretical apex is in 
line with the plate. The cone may be raised and then lowered to this 
reference position, the location of the cone along the vertical axis 
being monitored by the gap set transducer.
The oven enclosing the test space was opened and the moulded 
polymer test piece rapidly inserted concentrically between the platens.
The top platen (cone) was then gradually lowered to the correct gap set 
position. Any excess polymer was cleared away using a spatula, care 
being taken not to pull material away from within the gap. The oven was 
then closed and the test space allowed to attain the test temperature, this 
taking approximately fifteen minutes.
The appropriate gear settings x*ere selected which corresponded with 
the desired shear rate. The motor was switched on, the electromagnetic 
clutch preventing the bottom platen from rotating., A clock was started, 
simultaneously with the clutch being switched to start the bottom platen 
rotating. Peak readings of torque and normal force were taken and sub­
sequently the values at predetermined intervals.
According to the test programme desired, various shear rates were 
selected by switching off the motor and selecting the appropriate gear 
setting. The sense of rotation was changed as a check on possible 
frictional effects within' the air bearing measuring head.
- 36 -
At the completion of the test, the shape of the sample boundary was 
examined and it was checked that the torque and normal force readings 
returned to zero.
Observation of the sample boundary shape during tests was difficult 
since the oven must remain closed to maintain a constant temperature.
A very limited field of view is available through the oven peep holes.
Prior to the removal of the polymer, the three thumbscrews on the 
normal force platen mount were tightened to prevent the normal force 
diaphragm from being damaged as the top platen was raised. The platens 
were then cleaned using either a scraper made from a piece of soft wood, 
and a rag soacked in petroleum spirit, or by allowing the polymer to 
solidify and then be peeled off.
Rheogoniometer Shear Stress-Shear Rate-First Normal Stress
Difference Treatment
If the following assumptions are made, then hhear stress x, and 
shear rate y may be calculated from the standard formulae (Lodge 196*1):
Laminar, isothermal flow occurs within the material; The fluid is 
in contact with the cone and plate and does not slip over these surfaces.
3T
x = ---------
2 u p 3
where T is the torque required to rotate the plate, and p is the cone and 
plate radius.
. * _ w
^ ~ a
where m is the angular velocity of the rotating plate and a is the angle 
in radians between the cone and plate.
- 37 -
3.2. Merz-Colwell Extrusion Rheometer
Description
The instrument measures the force required to extrude fluid at 
a constant flow rate through a precision bore capillary and is 
manufactured by Instron Ltd., High Wycombe.
The material under test is loaded into a temperature controlled 
reservoir at the bottom of which is mounted a removable capillary. The 
material is extruded through the capillary by the movement of a rheometer 
piston located within the reservoir, the upper end of which bears on a 
load cell transducer mounted on the moving crosshead of the instrument. 
Friction caused by the piston moving against the chamber walls is mini­
mised by the fitting of a PTFE sealing washer.
The force required to extrude the fluid at a known crosshead speed 
is measured via a load cell amplifier recorder system, a record of force 
versus time being plotted by a pen recorder. Various capillaries of 
different dimensions may be located in the instrument and twenty cross­
head speeds are available. The load cell used permitted force measurements 
up to 105 N. Typical forces recorded under test conditions were 100 N, 
this being on the lowest load range of full scale deflection equal to 
400 N. The capillaries used gave a minimum shear rate of 0.35 s_i, this 
being at a ram speed of 0.005 cm min"1.
Testing Procedure
The heating system, electronic load recording and crosshead speed 
monitoring systems were switched on two hours before commencing testing 
to allow'for temperature equilibration and electronics stabilization.
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In order to test the polymer at similar shear rates to those of 
the rotational instruments whilst obtaining the maximum accuracy, it was 
necessary to maximise the force necessary for a corresponding shear stress, 
that is by choosing a capillary of large length to diameter ratio.
The appropriate capillary was selected, located and fixed at the 
bottom of the reservoir chamber. The polymer under test was loaded and 
tamped down with a ram rod to minimize air entrapment. The rheometer 
piston was then located on the crosshead which was lowered, the piston 
entering the reservoir chamber. A small force was applied to the polymer 
whilst it attained thermal equilibrium, this taking approximately five 
minutes. The electronic load measuring system was zeroed. A high cross­
head speed was selected and polymer was extruded through the capillary, this 
serving to purge the capillary of polymer from previous runs. This 
procedure was repeated several times, until visual inspection of the 
extrudate and constancy of the extrusion force required showed purging 
to be complete.
The instrument was again zeroed and loaded and the appropriate 
crosshead speed selected for the required flow rate. The force required 
to extrude the polymer through the capillary at a known crosshead speed 
was measured by the recording system.
Air entrapment shows up as sharp drops on the force versus time 
trace and the generation of popping noises. Such data were discarded and 
the tests repeated. At the end of the run, the capillary was removed 
from the reservoir bottom and the reservoir cleaned of polymer using a 
cork tipped rod. Typical reproducibility was ±5%.
- 39 -
3*3. Davenport Capillary Viscometer
Description
The basis of the instrument is a temperature controlled reservoir 
chamber and precision bore capillary through which a fluid may be 
extruded. The force required for extrusion is provided by a variable 
pressure nitrogen gas supply which acts on a ball bearing located on 
top of the fluid in the instrument reservoir. Capillaries of various 
dimensions may be fitted in the viscometer. The shear stress at the 
capillary wall is calculated from the applied nitrogen gas pressure and 
capillary dimensions.
Testing Procedure
The temperature control system was switched on about two hours 
before commencing testing. The appropriate capillary was seledted, 
located and fixed at the bottom of the instrument reservoir chamber.
The polymer under test was loaded into the chamber and tamped down with 
a ram rod to minimise air entrapment. The ball bearing used to transmit 
the gas pressure to the polymer whilst preventing the nitrogen funneling 
through, was placed on top of the polymer, the gas tight sealing ring 
placed on top of the chamber and the top screwed on firmly to prevent 
gas leakage. The capillary was purged of polymer from previous tests by 
applying gas pressure to the chamber, and then the system reloaded. The 
nitrogen gas pressure was regulated using the valve and the rate of 
extrusion measured by weighing the polymer extruded in known times for 
each gas pressure. This was repeated several times for each pressure.
If any air bubbles were noted in the extrudate, the data were discounted 
and the test repeated. Typical reproducibility was i 4%.
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3.4. Capillary Rheometers - Shear Stress - Shear Rate Determination
The shear stress at the wall 9 corrected for viscous end effects 
by the factor e 5 was calculated from
A?
T = --  :--- 3.1.
“ 2(| + e)
e is determined by extrapolating to AP = 0 a plot of AP versus L/R at 
constant flow rate and radius obtained from capillaries of various lengths. 
L and R are the capillary length and radius respectively and AP is the 
pressure drop through the polymer melt.
was calculated using the Rabinowitch correction
3+b 
= ~
40where b is the slope of a log/log plot of ---  versus t and Q is the
xrR3 “
volumetric flow rate.
The above treatment was derived for a fluid whose viscosity is 
independent of the applied shear. A plot of AP versus L/R will not be 
linear for a fluid i^hose viscosity alters significantly during transit 
through the capillary. This topic is discussed in sections 5.1 and 6.4.
The capillary dimensions used are given in table 3.1
4Q
xrR3
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Table 3.1. Capillary Dimensions
Instrument Lem Rem
Instron Rheometer 7.64 0.064
5.099 0.063
2.546 0.063
Davenport Rheometer 5.105 0.147
1.905 0.197
2.501 0.197
L/R
119
81
40.5
34.8
9.7
12.7
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J
3.5 Epprecht Kheomat ”15“
Description
The Rheomat is a concentric cylinder viscometer, the inner cylinder 
of which is rotated at one of fifteen constant rates by an electric 
motor, the torque required being measured by a spring within the drive 
system. The viscometer outer cylinder is kept at a constant temperature 
(30 ± 0.05°C) by immersion in a water bath. The instrument was used for 
obtaining relative viscosity data from suspensions in Newtonian media.
Experimental Procedure
The water bath and viscometer were switched on one hour before 
commencing testing to allow for stabilization. The viscometer inner'and 
outer cylinders were removed from the apparatus and the inner cylinder 
removed from the outer, which was held at an angle to the vertical and 
the fluid to be tested, which had been heated to reduce its viscosity, 
was poured in, care being taken to avoid the introduction of air bubbles. 
The inner cylinder was then slowly inserted into the outer cylinder, care 
being taken to avoid entrapping air.
The assembly was then placed in the constant temperature bath and 
located on the support provided beneath the drive system. The inner 
cylinder drive shaft was located within the drive socket and the motor 
switched on at the preselected speed. After approximately fifteen minutes 
a constant torque value was attained, the fluid having attained the bath 
temperature. The next speed was then selected etc. At the conclusion 
of the test, the cylinders were dismantled and cleaned with petroleum 
spirit.
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Conversion of Torque - Angular Velocity Data to Shear Stress -
Shear Rate Data
Conversion factors are given in the instrument handbook, and if 
Newtonian behaviour is assumed, the shear stress and shear rate measured 
at the inner cylinder may be derived from the dial reading-speed setting, 
that is torque-angular velocity data.
The maker’s values for the above constants were used since they are 
satisfactory for relative viscosity determination for Newtonian suspen­
sions if it is assumed that the torque calibration is linear and the 
speed remains constant.
CHAPTER FOUR
REVIEW OF TIME DEPENDENCE AND OF POLYMERS TESTED
Review of Time Dependence
As mentioned earlier, several types of instrument may be used to 
measure shear stress-shear rate relationships of polymer melts subjected 
to flow,
Cone-plate viscometers have the fundamental advantage over other 
types of instrument that the shear rate is constant throughout the test 
specimen. In addition they may be used to obtain normal stress difference 
data. Many workers have used this type of instrument to measure both 
the shear stress and first normal stress difference for molten polymers as 
functions of shear rate and time and there is no reason to doubt the 
validity of such measurements at very low shear rates. However, as the 
shear rate rises a number of effects may partially or wholly invalidate 
the measurements.
Firstly, the sample may slip over the metal surfaces of the cone 
and plate as suspected by, for example, Raha (1968) and Vinogradov (1966). 
Secondly, the testpiece may fracture near the edge so that its effective 
area is not known and the apparent shear stress is less than the true 
shear stress; this effect is discussed by Hutton (1963) in relation to 
polydimethylsiloxanes of various molecular weights and by Vinogradov (1966) 
and others for polymer melts.
Hutton (1963) presented a shear fracture theory, applicable to any 
viscoelastic liquid. He proposed that sample fracture will occur when
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the total elastic shear strain energy is such that a fraction of it is
sufficient to supply the free Surface energy of the new surface formed.
For material feheared between a cone ahd plate, he proposed that fbacture
occurs when p. - p__ = ~  where a is the angle between the cone and plate11 22 pa & ^
of radius p , T is the surface tension and N is a parameter found 
experimentally to be about 24.
Chen and Bogue (1972) working with LDPE at 160°C, Mills (1971) 
working with filled and unfilled polymers and King (1966) working with 
three polyethylenes at 190°C have all reported that fracture first occurs 
at a rate of shear of between 0.1 and 0.5 s“*. In section 6.5 an 
evaluation of Hutton's theory for published data and that reported in 
this thesis is made.
A third source of error arises particularly in instruments used to
measure normal as well as shear stresses since there is a likelihood that
the cone and plate will separate slightly under the action of normal 
stresses as realized by several workers and emphasized by Meissner (1972) 
to the exclusion of either edge fracture or the shear heating effects 
mentioned below.
Using LDPE in a modified Rheogoniometer at 150°C he measured both 
torque and normal force with cones of the same radius with angles between 
2° and 10° and selected an 8° cone as standard because the time variation 
of normal force was similar for the 6, 8 and 10° cones but different for 
the 2° cone. He did not regard as significant the greater decrease of 
torque with time observed with all cones having angles greater than 2°.
The 8° cone has a further disadvantage that at very high shear rates a 
serious temperature rise may occur in the test piece. Further reference 
to Meissner's work is made in sections 5.5 and 6.5.
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The use of the biconical viscometer for the study of time dependent
beh ~-iour of polymer melts may reduce the probability of errors due to the
above causes since the polymer is under hydrostatic pressure during the 
measurements and the surfaces confining the material are extremely rigid 
because no attempt is made to measure normal stresses. Before results 
on this type of instrument can be considered valid it is necessary to 
determine whether the rather large torque contributed by the edge of the 
biconical rotor can be calculated sufficiently accurately and this 
problem is examined in detail in Chapters 2, 5 and 6. It is also
necessary to prepare testpieces free from voids and a special mould for
this purpose is described in Chapter 2.
There are two further sources of error which may be expected to 
affect both cone-plate and biconical measurements, which are considered 
in Chapters 2 and 7. They are the possible temperature rise due to 
viscous generation of heat and secondary (radial) flow which has been 
reported to occur in cone-plate instruments.
The errors enumerated above are likely to result in an apparent 
reduction of viscosity with time of shearing and there has been uncertainty 
whether reported time variations were due to material behaviour or 
instrumental defects or both. In Chapters 5-7, an attempt is made to 
separate the material and instrumental contributions to the time dependence 
of viscosity by making measurements under virtually identical conditions 
of temperature and shear rate in the biconical and cone-plate viscometers.
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Figure 4.1 Flow curves of Polymers-chosen, Biconical Viscometer 
(•) LDPE 122°C; ( O  ) LDPE 162°C; (+) HDPE 147°C;
(K) EVA 122°C.
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4.2. Polymers Chosen
The following polymers were chosen for this section of the 
investigation. Reference should be made to the flow curves (figure 4.1) 
for these polymers, obtained from the equilibrium shear stress values 
recorded using the biconical viscometer.
Low Density Polyethylene
The polymer chosen for the majority of the tests on low density 
polyethylene was *Alkathene? LDPE grade 17/04/00 powder manufactured 
by I.C.I. Ltd. According to the suppliers it is a 400 ym (maximum powder 
particle size) version of 'Alkathene’ WNG 17 which has a melt flow index 
(BS 2782 Method 105 C) of 7 and a British Standard Nominal density of 
0.917gcnf3. The melt density at 140°C is 0.785 g cm~3. The number 
average molecular weight for this grade was 28,000, branch points 
occur at intervals of 25-100 chain carbon atoms, most branches being 2 
or 4 carbon atoms long, some being very much longer.
The polymer was found to be stable in an inert atmosphere for at 
least six hours under test conditions i.e. the viscosity did not alter 
with storage time under test conditions. The viscosity at 122°C and a 
shear rate of 0.01125 s-1 was 2.25 x 105 poise. The non-Newtonian flow 
index n at 122°C and a shear rate of 1.0 s_1 was 0.5.
1Alkathene’ WNG 17 and other ’Alkathenes’ of melt flow index 20, 0.3 
and 7.0 were used to a lesser extent.
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High Density Polyethylene
Rigidex 9 HDPE manufactured by B.P. Ltd. was chosen. According to
the suppliers, the melt flow index was 0.9 and the British Standard
Nominal density was 0.96 g cm"'3. The molecular weight, M , for this
z
grade was 150,000 and the ratio of Mw/Mn was 15. The degree of branching 
was approximately 1 per 1000 chain carbon atoms and was substantially 
methyl branching.
The polymer was found to be stable in an inert atmosphere for at
least six hours under test conditions. The viscosity at 167°C and shear
rate of 0.01125 s-1 was 3.58 x 105 poise. The non-Newtonian flow index 
n at 147°C and shear rate of 1.0 s_1 was 0.56.
Rigidex 0.5 powder of melt flow index 0.05 was tried but the melt
was found to be too viscous at temperatures where degradation would not
occur, and slippage occurred during tests.
Ethylene/vinyl Acetate
Alkathene P 105 manufactured by I.C.I. Ltd. was chosen. According 
to the suppliers, this is a 300 ym (maximum particle size) version of 
Ethylene/Vinyl Acetate copolymer A 9840. It has a melt flow index of 
10 and a British Standard Nominal density of 0.937 g cm“3. It contains 
nominally 18% of vinyl acetate randomly distributed in the polymer chains. 
The melt density at 140°C is 0.820 g crn""3.
The polymer was found to be stable for at least three hours under 
test conditions. The non-Newtonian flow index at 122°C and shear rate 
of 1.0 s-1 was 0.74.
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Various other grades of Alkathene Ethylene/Vinyl Acetate were 
tested, but P 105 was found to exhibit the best compromise of properties.
Other Polymers Tested.
Polystyrene, High Inpact Polystyrene, Polymethylmethacrylate, 
Polyvinyl Chloride, Polyvinyl Chloride/Vinyl Acetate, and Natural Rubber 
were trial tested but were rejected for a variety of reasons, for 
example, the occurrence of rapid polymer degradation, sample slippage 
etc.
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Figure 5.1 Dependence o f  the v is c o s i t y  o f  HDPE at  1^7°C upon 
shear ra te .  Biconical Viscometer: ( 0 )  ro to r  1; 
(A) ro tor  2; (+) ro to r  3; ( ©  ) ro tor  k.
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CHAPTER FIVE
COMPARISON OF EXPERIMENTAL RESULTS FOR DIFFERENT 
INSTRUMENT GEOMETRIES
It is of interest to compare shear stress versus shear rate 
relationships obtained from the different viscometers and from different 
geometry dimensions of the same viscometer for various polymers. The 
mutual consistency or lack of consistency in these results gives 
valuable information about the validity of the assumptions made in 
calculating stress and shear rates.
Under the conditions of shear stress and shear rate used in these 
experiments (except where specifically mentioned) temperature rise 
effects due to viscous dissipation of energy were minimal and were 
ignored.
5.1. Results for HDPE at 147 °C
Biconical Viscometer
Figure 5.1 is a logarithmic graph of viscosity against shear rate 
for HDPE at 147°C. Each point represents the mean result of several 
replicate tests with a given rotor, the viscosity being measured when it 
was no longer changing appreciably with time (see Chapter 6). Replicate 
tests with any one rotor normally agreed within ± 1%. Occasionally, 
fluctuating torque values were obtained due to the presence of fluctua­
ting friction and these were discarded. Four different rotors (rotors 
1-4, table 2.1) were used and as the spread of results (± 2%) is no greater 
than can be expected from uncertainties in the dimensions of the rotors,
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it can be concluded that the Piper-Scott correction is satisfactory 
for this material at these shear rates and with these edge dimensions.
The edge zone contribution differs between rotors, but is of the order 
25-37% of the total torque, decreasing with decreasing values of the 
non-Newtonian flow index n.
Capillary Rheometer
Figure 5.2 is a typical plot of pressure drop against capillary 
length to diameter ratio used to obtain the end correction factor e for 
equation 3.1. This particular plot is from data recorded on the Instron 
rheometer using two capillaries of diameter 0.125 cm and length 2.54-6 
and 5.099 cm. At least three lengths are required to distinguish 
between curvature of such a plot, which could be caused by time dependent 
flow behaviour of the polymer, and the intercept, which is the end 
correction factor. Due to there being only two data points available 
for each flow rate, it is not possible to draw any conclusions as to the 
linearity of the plots.
In figure 5*3, results corrected in this way are plotted for the
\
Davenport and Instron rheometers and compared with the mean biconical 
results from figure 5.1. The agreement to within 9% with the biconical 
data is satisfactory in view of the great difficulty in obtaining compa­
rable test conditions. If allowance is made for the reproducibility of 
the viscometers, it gives further confidence in the validity of the 
biconical viscometer results.
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Rheogoniometer
The cone-plate data plotted as dots in figure 5.3 were obtained using 
the Rheogoniometer with 2° angle cone of radius 2.5 cm. The repeatability 
of replicate tests was of the order ± 5%. As shown later in this thesis 
the shear stress recorded at a particular shear rate generally rises to 
a peak and then falls with time. The magnitude of this peak depends 
on the material and the test conditions (temperature, shear rate, sample 
history). The results shown in figure 5.3 were obtained by shearing at 
a particular low rate until an approximately constant shear stress was 
recorded and then shearing at the next- higher shear rate until the 
stress again became constant. However at the higher rates the stress 
was still falling slowly and often fluctuating when the speed was 
increased. The points marked with circled dots in figure 5.3 represent 
the peak values obtained at each speed under these conditions while the 
squared dots represent the approximately constant final stress. The peak, 
values shown are rather lower than those obtained with material not 
previously sheared. There is fair agreement between cone-plate Viscosity 
values and capillary and biconical values at low stfains i.e. low shear 
rates and/or short times of shear but non-agreement at higher strains.
This points towards some instrumental rather than material effect causing 
the large stress decrease with time at constant shear rate in the 
Rheogoniometer. When these low values of torque occurred disturbances of 
the edge zone were noticed similar to those described by Hutton and 
Vinogradov. Since the torque produced from material sheared between a 
cone and plate is proportional to the cube of the radius of the material 
boundary a slight disturbance in the edge conditions can have a 
significant effect on torque. Time effects are considered in greater 
detail in Chapter six.
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Comparison of Biconical and Cone-Plate Results on Materials
with Similar Shear Histories
Figure 5.4 shows the variation of both shear stress (dots) and first
normal stress difference9 cr^ 5 (crosses) with time at a constant shear
rate of 0.45 s“*9 again for HDPE at 147°C. The tests were carried out
using the Rheogoniometer with 2° and 5° cones of radius 2*5 cms with an
8° cone of 1.2 cm radius and also with the biconical viscometer using
rotor 3. In all cases the samples were not sheared prior to testing
apart from the inevitable shearing associated with molding. The peak
shear stress is very similar for all four systems but after a few minutes
all cone-plate stress values are lower than the corresponding biconical
stress values by varying amounts. There is also a difference in the
values of first normal stress difference with respect to time recorded
with the different Rheogoniometer cone angles and the possible instrumental
effects responsible for these discrepancies must be considered. Such 
investigation is described in section 5.5.
5.2. Comparison of Instruments at Higher Temperatures
In figure 5.5 viscosity is plotted logarithmically against shear 
rate for HDPE at 167°C using the same instruments as for figure 5.3. Cone- 
plate peak values (circled dots) and values at a later time (squared dots) 
are again plotted. The biconical viscometer readings are those taken 
when the torque was not falling appreciably with time. Capillary Rheometer 
data are also plotted. Again there is good agreement. There is relatively 
little fall of the Rheogoniometer shear stress with time and this is 
consistent with the observation that the severity and rapidity of material 
disturbances at the cone-plate edge were less at the higher temperature.
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5.3, Comparison of Instruments Using Other Polymers
Similar results to those reported above have been obtained with 
LDPE and EVA of various melt flow indices. Viscosity is plotted 
logarithmically against shear rate in figure 5.6 for LDPE (MFI 7) at 
150°C, the shear rates being much higher than in the measurements reported 
above. The data were obtained from the biconical viscometer (rotor 3) and 
the Rheogoniometer (8° cone 1.2 cm radius) using samples which had not 
previously been sheared apart from that associated with moulding and 
loading into the viscometers. Also plotted are capillary data kindly 
supplied by I.C.I. Ltd. obtained using a capillary of length 3.2 cm and 
diameter 0.2 cm. The peak values and those after twenty five minutes, 
when the viscosity was approximately constant, are plotted for the 
biconical viscometer. Approximately half the viscosity drop which occurs 
during 25 minutes has occurred after one minute of shear.
At these high shear rates and stresses temperature rise effects due 
to shear heating may be significant with the biconical viscometer (for 
rotor 3 at 10 s-1 and shear stress of 2 * 10s dynes cm“2 calculations 
suggest a temperature rise within the melt of a, 2°C). The peak values 
and those after six minutes are plotted for the Rheogoniometer. At this 
stage the sample boundary conditions were not ideal and oscillations in 
both normal force and torque, within the limits of the line drawn in 
figure 5.6 were recorded, the magnitude increasing with shear rate. Such 
effects were less severe with LDPE than with HDPE at similar shear rates. 
Less comprehensive tests using polystyrene and polystyrene/butadiene in 
the cone-plate and biconical viscometers showed that these materials 
behaved similarly.
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5,I+* Dependence of Shear Stress/Time Plot on Grooving of Instrument 
Surfaces and Alteration of Dimensions
Figure 5i7 is a graph of shear stress against time for LDPE at
-  i
122°C and a shear rate of 1*78 s"1 using the biconical viscometer and 
rotors 1-5. Rotor 5 has tapered radial grooves 1 mm deep at the rotor 
tip3 the rotor angle and Rj being measured along the tops of the ridges.
Ward and Freeman (1948) photographed the flow occurring in a concentric 
cylinder viscometer having grooved surfaces. They concluded that the 
grooving, whilst effective in securing adhesion, did not affect appreciably 
the shear occurring in the annular space between the cylinders. This 
gives confidence in measuring the rotor dimensions along the tips of the 
ridges.
The agreement to within ±2.5% between the shear stress values 
derived from measurements with various instrument geometries, including 
a grooved system, gives further confidence in the accuracy of the assumptions 
made in the analysis such as lack of slippage and, providing thought is 
given to the choice of rotor and chamber dimensions, the adequacy of the 
edge torque correction.
Case where R j/R2 ver5r small
As stated earlier, the assumptions implicit in the Piper'-Scott 
treatment of the torque due to the edge zone are not valid for very small 
values of Rj/Rg. If Rj =0, then the treatment assumes that the torque 
due to the edge zone is zero, and the effect on the flow within the cone- 
plate region of the stationary material in the rotor edge zone region is 
neglected. Best and Rosen (1968) used such a rotor with a sharp edge and 
ignored the above.
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A similar rotor was made for use in thisi investigation to determine 
the error obtained due to Using such a system.
figure 5.8 shows such a plot of shear stress against time obtained 
for LDPE at 122°C at a shear rate of 1.78 s_1 from rotor 6 which has 
dimensions = 0 3 p = 3.0 cm a = 8° 52f and fits in a chamber of 
R2 = 0,^7 cm. Rotor 3 data from figure 5.7 is also plotted for comparison. 
It can be seen that the rotor 6 data give shear stress data which are 
approximately 16-18% too high.
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As mentioned in section 5.1, the possible instrumental effects 
responsible for the differences in values of first normal stress 
difference with respect to time recorded with different Rheogoniometer 
cone-angles must be considered.
In this section, the normal force measurement system used in the 
Rheogoniometer is described and the effect of relative vertical movement 
between the cone and plate on the measured paramenters is predicted. A 
comparison is then made between the above predictions and the values of 
parameters measured, and their dependence on cone-plate dimensions.
Finally, comments are made on related work carried out by Meissner. 
5.5. NORMAL FORCE MEASUREMENTS USING THE WEISSENBERG RHEOGONIOMETER 
Rheogoniometer Normal Force Measuring System
Considering material sheared between a cone and plate of radius p , 
if it is assumed that (Lodge 1964):
Laminar, isothermal flow occurs within the material;
the fluid in contact with the cone and plate surfaces does not slip 
over those surfaces;
the material free surface at the cone-plate' boundary is part of a 
sphere whose centre is at the cone-plate vertex and that surface 
tension effects are negligible;
the first normal stress difference Oj is given by
2F
°1 = p ll~ p 12 " p 5.5.1.
TTp
where F is the normal force exerted by the material on the cone and plate
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The dependence of and t at constant shear ratej y, on time 
may supposedly be investigated using the Weissenberg Rheogoniometer with 
cone-plate configuration.
The material is sheared between a rotating discs called the plate, 
mounted on the lower platen of the instrument and a stationary wide angled 
cone, mounted on the top platen. The cone and plate are theoretically 
maintained at fixed vertical positions with respect to each other, the 
cone apex being in contact with the platen (see section 3.1).
First normal stress differences of 105 dyne cm-2 are commonly 
generated when polymer melts are sheared at rates of a few reciprocal 
seconds. Considering such a polymer sheared betwen a 2.5 cm radius cone 
and plate, a force of 2 x 107 dynes would be created which T^ould tend to 
separate the platens.
This normal force and via equation 5.5.1, the first normal stress 
difference is measured in the Rheogoniometer by the following method:
Downwards forces exerted on the lower platen act on the normal force 
pivot bearing (see figures 5.9 and 5.10) which is located on.a cantilever 
spring. One end of the spring is clamped within the instrument frame, 
the other is connected to a servo motor which may move it in a vertical 
plane.
Any vertical movement of the normal force pivot bearing is monitored, 
by the servo transducer mounted beneath the bearing and fed to a "null 
point" amplifier servo motor system which moves the free end of the 
cantilever so as to maintain the normal force pivot bearing in its desired 
reference position.
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It is assumed that maintaining the normal force pivot bearing in 
its reference position is synonymous with maintaining the lower platen 
at a constant position with respect to the cone. However, if there is 
"give"’ in the normal force pivot bearing - platen shaft system, then this 
will not be the case.
Possible Effects oh Calculated Values of t , t and Cj due to Relative 
Platen Movement
If the lower platen is rotating at a constant rate Si, the cone-plate 
gap being filled with a viscous medium, the torque exerted on the top 
platen is measured and the downward force is measured on the lower 
platen. If the platens separate due to normal stress differences, the 
following effects must be taken into consideration in the interpretation 
of torque-thrust data:
(1) effect on shear rate and hence torque;
(2) effect on shear rate and hence measured normal force;
(3) effect on measured normal force due to measurement method.
(1) Effect on shear rate and hence torque.
Considering material sheared between a wide angled cone and plate, 
the cone apex being in contact with the plate, the shear rate at any 
radius r is given by
_ r£ _ Q 
^(r) ra ~ a
where ft is the angular velocity of the rotating platen and a is the angle 
between the cone and plate.
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The torque required to rotate the plate at an angular velocity fi 
if material of viscosity n is between the cone and plate of radius R is 
given by
T = f‘2ml 0 r2dr =Q a 3a
If the cone and plate separate by an amount <5, then the shear rate 
at a radius r is given by
fir
T(r) rot+6
A first approximation for a Newtonian material to the torque required 
to rotate the platen is given by
T = 27JT|fi fEi - I  6
3a 2 _2>
by
The fractional change in torque due to such a separation is given
T = —  5 5 2
f 2aR
For example9 for a cone and plate of angle a = 5° (0.087 radians) 
of radius 2.5 cm.3 the cone and plate being separated from their theore­
tical contact position by 6 = 5 0  pms = 0.03, i.e. a 3% fall in torque.
(2) Effect on shear rate and hence measured normal force
The thrust on the plate (Jackson and Kaye 1966) will be a function 
of Oj and o2 over a range of values of shear rate. Howevers for small 
values of 6, the value of the drop will be small compared to other sources 
of experimental error.
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( Effect on measured normal force due to method of measurement.
If a material is considered which exhibits a constant normal stress 
difference at a constant shear rate and the Rheogoniometer normal force 
measurement system is used to monitor such a force, the following 
situation will arise:
When shearing starts in the cone-plate viscometer, a^ large force 
is generated which forces the shearing surfaces apart. It is well known 
that alteration of the separation of two close surfaces separated by a 
viscous medium requires a large force and the measured normal force will 
only be a small fraction of what would be measured with an absolutely 
rigid measuring system.
Hie measured normal force will not reach a steady value until the 
shearing surfaces have separated appreciably and the delay will be much 
greater for cones of small angle and or large radius.
INVESTIGATION INTO RELATIVE PLATEN POSITIONS UNDER THE ACTION OF 
SEPARATING FORCES
Procedure
The following investigation was carried out in order to check the 
relative vertical movements of the upper and lower platens or cone and 
plate corresponding to given separating forces:
(a) The first stage of the investigation was to check whether the normal 
force pivot bearing was maintained in a constant position relative 
to the upper platen or cone if a force were applied to the lower 
platen.
In the normal mode of operation the servo transducer meter is 
isolated from the circuit when the servo amplifier and motor are
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connected to the output from the servo transducer. A modification
mefo.'T
was made so that the motor remained in circuit and the position of 
the normal force pivot bearing could be monitored whilst the servo 
system was in operation.
(b) The second stage was to measure the upper and lower platen positions 
relative to each other and to the instrument body under the action 
• of various forces applied at various points , the servo system being 
in operation.
A Philips Mutual Inductance Displacement gauge type PR 9,310/01 
with a bridge type PR 9,300 was used in conjunction with weight 
hangers and spring loading devices. The upper platen cone was 
replaced by a flat plate for the following reason: if the transducer
is mounted on the lower platen drive shaft, the probe bearing on the 
cone, then any tilt of the driveshaft upon loading of weights to 
produce the downwards force, either due to non-central loading or 
any other factor will cause different readings of upper/lower platen 
separation to be produced, depending on the location of the trans­
ducer on the cone relative to the tilt direction.
Any tilt produced when a vertical force was applied to the lower 
driveshaft was measured by mounting the transducer on the Rheogoniometer 
body in several radial positions normally to the shaft.
RESULTS OF THE INVESTIGATION
Lower Bearing Movement
During these tests and those where normal force producing materials 
were being sheared, it was found that the servo system returned the pivot 
bearing to within 0.1 ym of its reference position within less than one 
second of applying the force or commencing shear.
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(b) Upper- Platen Movement
The upper platen was found to move by 0.1 ym/105 dynes.
Lower Platen Movement
The lower pivot bearing was kept in a constant position (within 
0.1 pm) by the servo system. The lower platen was found to move down­
wards by ^ 1 ym and tilt about the diaphragm by ^ 2 x 10“5 radians under 
the action of a downwards force of 105 dynes. The movement was about ten 
times larger than the movement of the lower bearing. As can be seen from 
figure 5.119 the movement was found to be approximately linearly related 
to the force applied in the region 0-1.5 x 105 dynes2 and found to be 
recoverable upon unloading.
Such forces are of the same order as those produced when polymer 
melts are sheared under the rates and conditions reported in other sections 
of this thesis.
The diaphragm (see figure 5.10) is located *\, IS era. from the lower 
platen shaft ball end and 'v 11 cm. from the plate. The tilt mentioned 
above would therefore result in a sideways movement of the plate of 
^ 2 ym/105 dynes and a corresponding movement of the ball end of 4 ym/105 
dynes in the opposite direction.
The following calculation is of interest: if the tilt about the 
diaphragm and the vertical movement are caused by the lower platen shaft 
ball end moving within the normal force pivot bearing cup because the 
centre of the cup is not on the axis of the drive shaft, then it should 
be possible to predict the cup angle. A force of 106 dynes would give a 
downwards movement of 10 vim and a plate sideways movement of 20 ym. This 
would give a corresponding sideways movement of the ball end within the
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cup of 38 pm. The 'cup angle should therefore be 15°. It was found by 
measurement to be'19°.
This agreement is within the experimental accuracy and it seems 
likely that the source of the movement has been identified.
I
Attempts to relocate the bearing.on the axis of the lower platen 
shaft and so avoid this trouble were unsuccessful.
Discussion
It has been established that the platens separate under the action of 
normal forces, the separation and force being related by d = kjF, the value 
of kj being 1 0 '9 cm. dyne-1 in the region 0-1.5 x 106 dynes.
The following order of magnitude calculation concerning the normal 
force response recorded with different cone dimensions upon commencement 
of shear is of interest: (see figure 5.12).
It is assumed that the force F required to separate a cone and
plate of radius p cm and angle a radians containing a fluid of viscosity n 
poise at an initial separation velocity of u cm s" 1 is given by
p = dynes (Batchelor 1970)
o>3 ,
It follows that the time constant for a separation of the cone and
plate by a distance d cm. under the action of a force F is given by
-t - Smripd
Fcj3
if d = kjF then
t = 67Tnpk
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Considering a 2° cone (a - 0.035 rad) of radius 2.5 cm., if n - 2 x 10  ^
poise,
t = 220 seconds 
Considering a 5° cone (a = 0.087 rad) of radius 2.5 cm.
t = 14 seconds 
Considering an 8° cone (a = 0.14 rad) of radius 1.2 cm. 
t = 1.6 seconds
According to the above, the cone dimensions being those used in 
this investigation it may be concluded that if the platens do separate 
under the action of normal forces then such a separation will occur more 
rapidly with the 8° and 5° cones then with the 2° cone.
Agreement if found between these predictions and the behaviour 
observed in figure 5*12, with HDPE at 147°C and a shear rate of 0.45 s"1, 
sheared within the Rheogoniometer.
The 8° cone (crosses) reaches a peak normal stress value more rapidly 
than the 5° cone (squared crosses), both cones being approximately a factor 
three faster than the 2° cone (circled crosses). The difference between 
the 5° and 8° cone peak values is within experimental irreproducibily 
and is therefore insignificant.
It appears that the most significant effect of platen separation is 
that on the response of the thrust measuring system to transient normal 
forces.
The normal stress difference values given by all three cones (see 
figure 5.12) are in reasonable agreement after a sufficient time has
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elapsed for cone-plate separation of the ’’slowest5' cone to occur a, 5 
minutes and before sample fracture has become severe. At this time, the 
viscosity readings from the three cones are in reasonable agreement (see 
figure 5.4) with those obtained from the biconical viscometer.
It is therefore plausible to assume that the passage of the first 
normal stress difference through a maximum, as shown by the 5° and 8° cones 
is an actual occurence within the material and its existence is not due 
to the method of measurement.
Measurements of lower platen movement were made on another Rheogonio­
meter at NCRT London 5 which happened to have a stiffer cantilever spring 
fitted. The lower platen was found to move downwards by 0.2 ym/105 dynes 
and 15 ym/107 dynes. The normal force pivot bearing was also returned to 
a constant reference position (within 0.1 ym) within 1 second of applying 
a force.
Correspondence with the instrument’s manufacturers, Sangamo Controls 
Ltd., suggested that movement between the lower platen shaft ball end and 
the Normal force pivot bearing cup was not unknown, and could be caused by 
machining tolerances inherent in their manufacturing process.
Discussion
Meissner (1972) added a stiffening column to his Rheogoniometer 
and reduced the upper platen movement by a factor ten to O.Oljjm/lO5 dynes.
He replaced the standard cantilever-servo system of normal force 
measurement by a stiff cantilever in order to reduce the movement of the 
lower platen; implying that the major factor influencing platen movement 
was the failure of the servo system to maintain the normal force pivot 
bearing in its correct position.
- 80 -
©
<4-8
• -t*<3 **
4<jO
' 4^3
J
4 8
j ’ 4  8
-
. * 4  o < —
•4 . 0
4-<0 —
h~ o
\ '
•4 <p 
*4 <^ >
— ■
• + <p -
• 43 -
• *{■ 0  0 —
• 4 **3 O
♦ 4 <  O
• 4  <J O
♦ 4 0  0 
• 4  <3 O /
1
• 4  0 
4 * <3 0
. .... 1 _ 1 .. 4-! . .. <Jl__. O ! .....1 ...-J.-- ...„J______
CO
CD LD CO CM
ID
m t
CO
if)
Qj
C
o
e
i-
CM
jc/l-Lt
(cOl.Xj-Uio euAp) cj^ r
00
u
o
4-J
<u
0oa
CO•H
>
a)
4-1
cvJ
rH
P<
\
0)
PS
oo
,o
Q
o-
m
4-J
cti
W
CM
«
41
4
O
m
<u
.9
4-1
4-1
• H
£
CO
CM
CO
cr\
oo
P^i
CM
CM
a.
t=
r-.
<
M—I 
O
c
o
•r44J
Clj
• H
U
ccJ>
CO 
r —I
40
<u
u
3
W )
• H
P>4
CO
VD
m
81 -
+ <3*0
+ <d o
4- <  Cp
+  <  *o
4-<3° O
4<3 «o
( gOI. v- 2-UJ3 ouAp)  s s a j i s  J B a q g
<u
P3
O
a
0
CO
j- i
Q)
4->
G)
S
o
u
to
• l“4
>
0)
4-1
cd
r H
PMi■
a)
C
o
U
rv .
o '—1
o 1
O CO
LO
r —1 CNJ
•
4 J 1—1
cd I—1
W /*~N
PM «
p v ->
p
•  »\
n 1—1
o 1
M-4 CO
(1) G\
S •
• H CO
4-1
P + ,
4J v_>
• H
£ • ft
«-»
CO 1
CO CO
(1)
I—1
4-J •
CO
K ✓ s
cd <
QJ V -J
p
CO
r-<
*4—C 1
o CO
p j V O
o •
• r4 m
4 J
cd
• r4
n o
cd
> V - /
i—i
•
m
<i)
u
d
tt>
• H ,
Fm V
- 82 -
This investigation has shown that the pivot bearings of the two 
Rheogoniometers studied were returned to within 0.1 ym of their reference 
position within 1 second of commencing shear. However, in connection 
with platen separation, it is important to note that movement between 
the lower pivot bearing cup and lower platen shaft ball end must be 
considered.
Meissner (1972) using the Rheogoniometer to shear low density 
polyethylene at 150°C found that the "equilibrium” values of shear and 
first normal stress difference measured at shear rates above approxima­
tely 8 s-1 were independent of shear rate. He did not state that such 
results were unreliable but stated that they were to be ignored in the 
resulting discussion.
Similar results, obtained using LDPE at 150°C sheared between a cone 
and plate system of equivalent dimensions to those used by Meissner are 
described below.
Figures 5.13 and 5.14 are graphs of Oj and t against time respecti­
vely obtained using the Rheogoniometer with an 8° cone of radius 1.2 cm. 
The data are also plotted in figure 5.6.
The samples were not sheared prior to testing apart from that 
associated with moulding. The test shear rates were 5.6 (circles) 7,1 
(triangles), 8.9 (pluses) and 11.2 (dots) s'"1.
Rapid sample disturbances could be observed at the highest rates 
within seconds of commencing shear. They occurred with sufficient 
rapidity and severity- at 11.2 s-1 that the peak shear and normal stresses 
recorded were lower than those obtained at a shear rate of 8.9 s-1.
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Meissner does not mention viewing the sample boundary during shear 
and it is not therefore satisfactory for him to assume that sample 
fracture did not occur. It is therefore considered likely that his 
results at the higher shear rates are suspect.
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CHAPTER SIX
FURTHER STUDIES OF TIME DEPENDENCE
6.1. Effect of Resting
In order to elucidate further the nature of the time effects 
observed in biconical and cone-plate viscometry 9 a sample of LDPE at 
122°C was sheared at a constant rate of 1.18 s-1 in the biconical 
viscometer (rotor 3). Figure 6.1 shows how the shear stress varied with 
time of shearing (a) for a fresh sample (b) for the same sample after 
shearing for 93 minutes and then resting for 28 minutes (c) for the 
same sample after further shearing for 36 minutes and resting for 180 
minutes and (d) after further shearing for 120 minutes and resting for 
75 minutes. It appears that if the material is sheared at a constant 
rate a particular viscosity is approached in all cases. If the shearing 
is stopped for a time and then recommenceds the longer the rest time (up 
to 180 minutes for this material at this temperature) the more nearly 
is the original stress/time curve reproduced. Similar results within a 
shorter time scale were observed with HDPE.
The stress drop recorded with the rheogoniometer was also reco­
verable even if the material had been seen to fracture at the edge during 
shear provided that the material had not been ejected from the gap.
6.2. Effect of Temperature and Differences Between Materials
The rates at which polymer melts approach a constant viscosity may 
conveniently be compared by plotting the ratio of viscosity to peak 
viscosity against time as in figure 6.2. All three curves were obtained 
using the biconical viscometer (rotor 3) at a strain rate of 1,18 s”1.
The viscosity of LDPE at 145°C reaches a constant value after about 10
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minutes. The same material at a lower temperature (122°C) takes much 
longer to reach a steady viscosity and the fractional decrease in 
viscosity is greater. It was also found that longer resting times after 
shearing were necessary at the lower temperature in order to reproduce 
the original viscosity time curve.
The above behaviour is consistent with a simple model associating 
the fall in viscosity with untangling and alignment of molecules with 
thermal agitation opposing the effects of shear. The third curve in 
figure 10 shows that the HDPE sample tested at 145°C reached a steady 
viscosity much more repidly than LDPE at the same temperature, even 
though more viscous, possibly because of the small amount of long chain 
branching in HDPE. The viscosity of HDPE at 145°C was comparable with 
that of LDPE at 122°C.
6.3.
It is of interest to compare plots of the ratio viscosity/peak 
viscosity against total shear for LDPE at various shear rates and 
temperatures for samples not previously sheared, apart from that associated 
with moulding and loading.
The data plotted in figure 6.3 were obtained using the biconical 
viscometer rotor three at a temperature of 122°C and shear rate of 1.78 s_1 
(circles); at 145°C and shear rate of 1.18 s'-1 (plusses); and at 150°C 
and shear rate of 7.03 s"1 (triangles) and 10.2 s_1 (crosses).
No significant alteration of viscosity/peak viscosity/total shear 
behaviour is noted for this polymer under these conditions if the shear 
rate is increased from 1.78 s_1 at a temperature of 122°C to 7 or 10 s_1 
at a temperature of 150°C. If the shear rate is decreased to 1.18 s'1
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and the temperature increased to 145°C then the viscosity/peak viscosity 
value finally reached is greater than that for the 1.78 s*-1 case at 
122° C.
Such behaviour could be explained by the unentanglement and 
alignment of molecules occurring more rapidly at higher temperatures 
and consequently if the shear rate and temperature are raised the 
variation of viscosity/peak viscosity with applied shear is not signifi­
cantly altered. If the temperature is increased and the shear rate 
decreased5 then the equilibrium ratio of viscosity/peak viscosity for the 
higher temperature would be expected to be of greater magnitude and 
be attained more rapidly than that at the lower temperature.
6.4. Discussion of Time Dependence
Five instrumental effects were discussed in Chapter 4 as possible 
contributors to a spurious fall in the measured viscosity of polymer 
melts and solutions during shear at a constant rate in cone-plate 
viscometers.
Slippage of a highly viscous material over the metal shearing 
surfaces.
Break up of laminar flow near the cone edge resulting in a crack 
propagating inwards an uncertain distance perhaps with balls of 
polymer rolling between cone and plate.
Variation in the spacing between cone and plate due to finite 
stiffness of the normal force measuring system.
A rise in fluid temperature due to viscous dissipation of energy in 
the material.
(a)
(b)
(c)
(d)
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(e) Secondary flows causing radial movement of material to be super­
imposed on the main circumferential velocity.
It is believed that in the experiments with the biconical Visco­
meter none of these effects contributed significantly to the observed 
time variation of viscosity and that a true material time variation was 
shown in figures 5.43 5.7, 6.1 and 6,2. It is also probable that large 
time variations of viscosity found in the cone-plate viscometer measure­
ments at higher strain rates are spurious and that in consequence similar 
results by other workers are suspect. If this is correct it is presu­
mably the defined edge conditions in the biconical viscometer together 
with the hydrostatic pressure in the sample which prevent effects (a) 
and (b) from occurring. Effect (c) will not occur and (d) will not be 
significant at the strain rates (< 2 s-1) used in the majority of our 
measurements.
The evidence for this claim is primarily the self consistency of 
results obtained with various rotors together with the agreement of 
these results with cone-plate results at very low shear rates and with 
capillary results at high shear rates. It seems unlikely in the extreme 
that effects (a)s (b) or (e) would affect equally the calculated shear 
stress for all the five rotors used in obtaining the.results in figure 
5.7 or for the four rotors used with a different material at a different 
temperature for the results in figure 5.1. It is probably also signifi­
cant that the cone-plate and biconical viscometer results begin to differ 
appreciably only above the strain rate at which severe edge disturbances 
become visible with the cone-plate system. Material under test in cone- 
plate viscometers is■continuously sheared and, since the shear rate is 
uniform throughout the sample, the total shear y to which it is subjected
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is given by y = y t where y is the shear rate and t is the time for
which it has been applied.
In capillary instruments, the situation is more complex. Considering 
the capillary itself* material is sheared in transit, the shear rate at 
any radius being dependent on the non-Newtonian flow index n. For a 
Newtonian material, the shear rate is proportional to the radius, the 
velocity profile being parabolic. The lower the value of n, that is the 
more non-Newtonian the material, the more "plug like" the velocity 
profile becomes and the decrease in shear rate radially from the tube 
wall is more rapid. Shear may also occur in the viscometer reservoir 
and capillary entrance zone.
As mentioned earlier, if the viscosity of the polymer is dependent 
upon the amount of shear to which it is subjected, then plots of AP
versus L/R of data obtained using capillary viscometers should be non­
linear. If the polymer viscosity reaches a steady value after a finite 
amount of shear, then plots of AP versus L/R obtained using capillaries
of length greater than that required to achieve the above finite shearing
of the polymer should be linear, the capillary region within which the 
polymer viscosity was decreasing being a contributory factor to the 
"end correction intercept" on the AP or L/R axis.
Vinogradov (1966) takes the "average" deformation within a
capillary as being L/R. However, the polymer at radii close to the wall 
receives far greater shear than this "average" deformation. It is 
probable with the capillaries used in this investigation that a similar 
amount of shear to that required in the biconical viscometer for an 
equilibrium viscosity to be approached was experienced by the polymer 
near the tube wall, this being less than 1000 strain units.
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According to figures 5.3 and 5.6 it is apparent that the viscosity 
recorded with the capillary viscometer more closely fits that reached 
after high shear in the biconical viscometer than the peak viscosity 
recorded at low shear in both cone-plate instruments.
Unfortunately only two capillaries of equal radii were available, 
and it was not therefore possible to check whether AP versus L/R plots 
were linear.
6.5. Conclusions
The first conclusion to be drawn from the results reported above 
is that if rotor and chamber dimensions are chosen such that the 
assumptions used in the previously published edge zone correction are 
reasonable approximations, then reliable shear stress - shear rate - 
time relationships may be obtained for several molten polymers at shear 
rates up to a few reciprocal seconds. However, considerable care is 
necessary to obtain test specimens free from voids, and normal stress 
measurements cannot be made with the instrument in its present form.
The second conclusion is that a genuine decrease in viscosity with 
time of shearing takes place in HDPE and LDPE and that the original. 
viscosity is recoverable on resting. Both the fractional decrease in 
viscosity on prolonged shearing and the time taken to recover the original 
viscosity become smaller as the test temperature is increased.
These conclusions apply at shear rates up to 1 or 2 s"1 but at 
these high rates, the decrease in viscosity with time of shearing is 
much less than is observed in a cone-plate viscometer testing the same 
material at the same temperature. The difference is ascribed to the -
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usually visible - break up of the edge of the material in the latter 
instrument. Consequently these conclusions are in qualitative agreement 
with those of many previous workers using cone-plate viscometers but 
can be relied upon quantitatively to much higher shear rates.
If Hutton’s (1963) fracture criterion is applied to the flow of 
polymer melts within cone-plate geometry, it might be expected that the 
extent to which the torque in cone-plate measurements at a given shear 
rate falls with time below the corresponding torque in the biconical 
viscometer would increase with pa. The results plotted in figure 5.4 
for HDPE at 147°C are in agreement with this conclusion, the most severe 
fall in torque being observed with the 5°, 2.5 cm radius cone (pa =0.22 cm), 
the fall with the 8°, 1.2 cm radius cone (pa = 0.19 cm) being less 
severe, and the 2°, 2.5 cm radius cone (pa = 0.07 cm) showing relatively 
little fall in torque. In order to assess the applicability of Hutton’s 
criterion to the fracture of molten polymers during cone-plate viscometry,
an attempt may be made to calculate the parameter N in the equation
NF i
^11 "* £*22 = pa” taklng r as 36 dyne cm-1. However, it is not easy to
observe with certainty the minimum shear rate at which fracture occurs.
King (1966) first noticed fracture in three high density polyethylene 
melts at shear rates corresponding to values of N between 235 and 580. 
Fracture was noticed in this investigation in LDPE with a 2° cone when 
N was 120 and severe fracture with a 5° cone after a considerable time, 
when N was 240. Other authors, Chen and Bogue (1972), Cooper et al.
(1968), Berry and Batchelor (1968), Highgate (1968), mention loss of 
material from the gap at particular rates of shear and reasonable assump­
tions about their test conditions lead to estimates of N between 12 and 
480. On the whole it appears that N is much higher for polyethylene
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melts than for polydimethylsiloxanes but fracture may well have started 
at much lower rates than those at which it was first noticed.
Returning to the conclusion reached by Meissner (1972) that a 
large angled cone should be used for measurement of normal forces, it 
can be seen from figure 5.4 that a greater rate of decrease of torque 
with time is observed with all cones having angles greater than 2°. 
Results using a cone having the dimensions favoured by Meissner show 
not only that the peak normal stress reading is reached rapidly but also 
that the shear stress decreases more rapidly with time than with the 2° 
cone. Although this decrease is only serious after several minutes, it 
must be remembered that the shear rate is only 0.45 s”1 whereas Meissner 
used rates up to 50 s”1. The results reported in this investigation show 
that fracture occurs much more rapidly as the former shear rate is 
exceeded. Clearly groat care is needed if the advantage of rapid 
achievement of peak normal force is not to be overwhelmed by the loss of 
torque, and presumably normal force, due to sample fracture. The 8° cone 
has a further disadvantage at very high shear rates that a serious 
temperature rise may occur in the test piece. This is considered in 
greater detail in Chapter 7.
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Variable angle j9 one -  plate 
angle oc
✓
Variable radius
r
Figure 7.1 Notation used in the treatment of shear heating within 
«a cone-plate geometry.
X
Figure 7.2 Co-ordinate system used. The origin of the system is 
at the cone vertex which is in contact with the plate
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CHAPTER SEVEN
TEMPERATURE RISE DUE TO SHEAR HEATING
WITHIN THE BICONICAL VISCOMETER
When a fluid is sheared, the energy dissipated against "internal 
friction" within the fluid appears as heat. The magnitude of any 
resulting temperature rise is determined by the balance between the 
rate of heat generation per unit volume and the rate of heat conduction 
from the fluid. In this thesis3 it has been assumed, unless otherwise 
stateds that at the shear rates and stresses used., temperature rise 
effects due to shear heating within the biconical viscometer are so small 
as to have an insignificant effect on the viscosity values recorded^
An investigation was carried out to check the validity of this 
assumption by shearing fluid at shear rates and stresses at which 
significant shear heating should occur and attempting to measure the 
temperature rise within the system in order to correlate this with a 
simple theory derived for the system.
The heat conduction equation in a spherical co-ordinate system is 
(see Eckert and Drake)
7.1
i a2e _h_
pc 7.1+ +
r2sin2\j 9<j>2
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where 0 = temperature
t = time 
p = fluid density
c = fluid specific heat
K* = thermal conductivity
h = generation of heat per unit volume and time.
For material sheared between a cone and plate, the following 
assumptions are made:
a) Steady state conditions of temperature have been attained throughout 
the system i.e. ~  =0,
b) Due to symmetry the temperature within the fluid is independent of
a • 36 - n.* i.e. ^  - 0;
c) The variation of temperature with radius r is negligible compared to
90that with ip therefore ^  may be considered to equal zero.
ex
Therefore, due to assumption X  and c, at any particular radius r, 
equation 7.1 may be reduced to the one dimensional form-
= - h
K* _9_
2 • » 9$r^sm Y sin * I f  j
The rate of heat generation per unit volume is equal to xy where t 
is the shear stress and y is the shear rate.
If it is assumed that, for the temperature rises considered, the
viscosity is independent of temperature, then for a given constant shear 
rate, material and test temperature, the rate of heat generation is
constant throughout the sheared material and h = xy.
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expressed in terms of $ where 3 is the comple- 
small cone-plate angle it is assumed that
7.3.
Integrating w.r.t. 3 
hB2 r2
6 = - -2|~- + Cx3 + C2 7.4.
Henceforth 0 is defined as the EXCESS temperature with respect to the
plate and the plate temperature is assumed to remain constant. Therefore
C2 = 0 since 0 = 0 at 3 = 0 i.e. at the plate.
Two cases will be considered:
A) that of a perfectly thermostatted cone maintained at 0 = 0;
B) a perfectly insulated but conducting cone which rises in temperature 
to an equilibrium value 0Q . Care should be taken to distinguish this 
case from that where the cone is of insulating material, this case 
having been considered by furian and Bird (1963), Such a distinction 
is unnecessary in concentric cylinder viscometry.
The thermal conductivity of steel is 46 Wm*'1K“1 whilst that of the 
fluids used in this investigation is ^ 0.11 .
A) Perfectly Thermostatted Cone
Due to the boundary condition 0 = 0 at 3 = a where a is the cone- 
plate angle (see figure 7.1) Cj may be evaluated from equation 7.4.
If equation 7.2 is 
ment of and due to the 
cos 3 = 1
K_’_ dfe_ _ _ 
r2 d3^
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Therefore
e h$2r2 hotr2 
2Kf 2K? e
The greatest temperature rise at any radius occurs when 3 = ~  a
i.e
0
max at radius r = ■
7.5.
and has a maximum value at the edge of
B) Perfectly Insulated but Conducting Case
It is assumed that the cone is a good conductor of heat compared to 
the polymer and hence reaches a uniform temperature 0Q.
At radii less than a certain radius Rj heat is lost from the cone 
through the fluid. At radii greater than Rj heat is gained by the cone 
from the fluid.
The variation of temperature with 6 at a particular radius r may be 
found by substituting 0 = 0Q at 8 = a into equation 7.*+
is determined from the assumption that the cone is at a constant 
temperature and is perfectly insulated. The total heat per second to the 
cone must therefore be zero.
0rt , o 0 har^
1 " a 2K?
Therefore
0 7.7.
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dG _ hflr2 har2
d3 = ~ K ’ a 2K?
7.7.a
At the cone surface (3 = ot)
d6 har2 0 har2 
K ! + a 2Kf
8_0 har2 
a " 2K* 7.8
is
The rate of heat transfer to the cone between radii r and r + dr
K ?d8
rd8
2ttt dr =
K»e
a
0 har2
2tr dr
2ir
K f6
0 har2 
—  +  — = — dr = 0
Therefore
_ ha2R2 
0 " 6 K ?
7.9
The maximum temperature rise at any radius may be obtained by 
setting equal to zero and using equations 7.9 and 7.7a i.e. at
radius r occurs when
q[R2 + 3r2j 
6r2
Therefore at the edge the maximum temperature rise occurs when
~ a and equals
2h(aR)2 _ 4 
9KT" ~ 3 0
*
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7.2, System under consideration
Rather than attempt to measure directly the temperature rise within 
the fluid during shear9 it was decided to attempt to measure temperature 
rises of the biconical rotor and thus obtain a measurement related to the 
fluid temperature rise. This decision was reached after consideration 
of the following factors:
(1) Uncertainties existed as to whether the insertion of a probe within 
the fluid during shear would result in errors of temperature measurement 
due to a) frictional effects of the polymer flow on the probe and or
b) disturbances to the flow within the fluid due to the probe.
(2) The rotor may gain or loose heat either through the fluid or via
the rotor stem and possible lower and upper chamber contact through a small 
surface contact area. The rotor was therefore considered to resemble 
an insulated rather than a thermostatted case (see theory) and therefore 
a rise in rotor temperature to an equilibrium value 0Q should occur during 
steady state shearing of the fluid.
(3) The rate of change of the rotor temperature immediately after 
cessation of shear should be significantly smaller than that of the fluid 
from its equilibrium temperature. An ideal thermocouple should respond 
instantaneously to temperature changes of the material within which the 
junction point is immersed. Any thermocouple (a) has thermal inertia
(b) averages temperature over a region when immersed in a poor conductor.
It is not possible to use a thermocouple of sufficient rigidity to with­
stand shear flow without (a) or (b) being significant.
- 102 -
Therefore it is more likely that if the probe is forced into metal 
to metal contact with the metal rotor of high thermal conductivity 
compared to the fluid that a record of greater accuracy of rotor 
temperature versus time is attainable than the record of fluid temperature 
against time obtained if the probe is at some specified point in the 
fluid.
If the recorded probe tip temperature is then multiplied by a 
correction factor obtained by measuring the probe temperature reading 
when in contact with a rotor of known temperature9 a reasonable estimate of 
the rotor temperature should be obtained. It should then be possible to 
estimate the validity of assuming the cone to be perfectly insulated and 
the corresponding treatment resulting in equation 9.
Where possible * tests were carried out with the viscometer at room 
temperature in order to minimise temperature gradients other than those 
due to shear heating.
Materials used
Thermal Density
Conductivity K f
Wiir^K”1 gm cm”3
Hyvis Polybutene 0.11 0.913
Polyisobutylene 0.13
- 103 -
CM
O
r
i
»-•
<u
X
O
u
PM
0)
X
4-1
4-1
O
CO
Pi
O
•H
4-1
•H
CO
O
PM
t>0
Pi •
•r^l o
£ H
o
43
CO PI
43
Pi
03 CM
rg Em
TO «\
Xi H
O EH
43 CO
pi <13
4} i—4
PM
U p)
O O
4-1 CJ
o O
Pi a
Pi
u 01
<u X
4-1 4-1
03
Pj 43
o Pio 43
co
• H 03
> i—l
PM
i—4 Pi
43 O
o O
• r l O
PS s
o Pi
o 0)
• H ^3
PQ 4-1
co
•
<0
Pi
P>
60
• H
Pm
- 104 -
7.3. Methods of Temperature Measurement
The following modifications were made to the biconical viscometer 
in an attempt to monitor the temperature difference between the visco­
meter rotor and the body of the instrument. To make the system more 
manageable, the rotor temperature was only monitored when the rotor was 
stationary.
The thermocouples used were 6.7 cm x 0.16 cm diameter SCB needle 
elements (chromel/alumel) purchased from the Industrial Pyrometer Co., 
Birmingham. The junction and the thermocouple wires are fixed within 
a steel tube. Unfortunately the junction temperature is influenced by 
the thermal inertia of the probe.
The reference junction of the thermocouple system was mounted 
in the top platen, a thin film of PTFE being applied for electrical 
insulation purposes. The other junction, referred to as the probe 
thermocouple, was mounted in place of one of the viscometer chamber 
plungers (see figure 7.3) within a PTFE sleeve arrangement, this serving 
to insulate the probe thermally and electrically from the top platen.
The probe was held in place by a grub screw to prevent fluid 
hydrostatic pressure forcing it from the chamber.
This arrangement allowed for rapid movement of the probe into 
contact with the rotor upon cessation of shear. The two junctions 
were connected together by chrome1 wire, alumel wire being used to 
connect the system to the pen recorder or potentiometer.
The tip of the probe was filed down to ensure that the chrome1- 
alumel junction was as near to the probe tip as possible, to facilitate
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x>apid temperature change measurement.
The pen recorder which was used to record the emf generated by 
the temperature difference between the two thermocouple junctions was 
calibrated by immersing the "hot” and "cold" junctions in boiling distilled 
water and melting ice.
It was felt that the reading recorded by the probe thermocouple 
system would not be an absolute temperature measurement, rather a reading 
related by some factor to the actual rotor temperature.
The rotor was therefore heated electrically and its temperature 
distribution measured by embedded thermocouples. This was compared 
with the value obtained by pushing the probe thermocouple into contact 
with the rotor.
The following is the result of such an investigation.
Calibration of Thermocouple Probe
Description of Apparatus
A rotor (see figure 7.3) was made of similar dimensions to that of 
the rotor used in the temperature rise trials of radius 3 cm and angle 
a 0.123 radians, and an electrical heater made of Nichrome sheathed in 
a fibre glass tube was fixed with Araldite around its circumference.
The heater resistance was about 2.3 ft and currents up to 1.5 A, 50 Hz A.C. 
were used.
Two thermocouples Tj and T? were fixed with Araldite at a depth 
of approximately 0.2 cm into the rotor at radii of 0.8 and 2.1 cm 
measured from the rotor centre, and one thermocouple Tq was mounted at
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the centre of the rotor stem approximately 0.3 cm below the rotor bottom.
The PTFE collar evident in figure 2.1 was removed from the 
bottom chamber to allow the thermocouple wires to pass to T^. .This 
removal was not considered to alter significantly the thermal character­
istics of the system since the volume previously occupied by the PTFE 
would fill with test fluid of similar thermal conductivity.
The Araldite served to insulate the junctions electrically from 
the rotor. The "cold" junctions were mounted in the top platen, again 
encapsulated in Araldite.
The three thermocouples plus the probe thermocouple were connected 
to a "Data Logger" which scanned the emf’s generated by any temperature 
difference in existence between the rotor and top platen junctions and 
punched these values plus the time at which the readings were taken on 
paper tape. The tape could then be fed into a tele-type fitted with a paper 
tape reader and a record of temperature difference versus time obtained.
Measurements were made' with the viscometer at room temperature.
The test chamber was filled with Hyvis and the rotor, with thermocouples 
and heater attached inserted into the chamber, the chamber top being 
lowered to within approximately 0.1 cm of the chamber bottom to allow 
space for the thermocouple and heater wires.
The probe thermocouple was either pushed into contact with or 
raised to a known height from the rotor, depending on the test routine.
The Data Logger scanning was commenced and it was checked that all 
readings were stable. The rotor heater was then switched on at a known 
current, this event being marked on the paper tape with a pen.
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One of the following test routines was then carried out.
Test a
The probe was pushed into contact with the rotor and the four 
thermocouples Tq 9 Tj 3 T^ and TppQBE scanned for 3 minutes to check for 
temperature equilibrium. The heater was then switched on and scanning 
continued.
After equilibrium emf had been reached by all the thermocouples 
the heater was switched off and the decrease of the rotor temperature 
back to that of the viscometer monitored, (see figure 7.4-).
The initial rate of increase in temperature was 6.2°C/min. The 
thermal capacity of the rotor was 42 J°C-1 and the electrical power 
supplied was 5.2 W, the predicted initial rate of increase of temperature 
being 7.4°C/min which is in agreement with the above figure.
It can be seen from figure 7.4 that the temperature difference 
between T^ and is small when the heating is taking place and rapidly 
becomes indiscernible when the heater is switched off. This implies 
that the assumption of the cone being a sufficiently good conductor of 
heat to have a substantially uniform temperature during a viscosity 
measurement is reasonable.
The temperature recorded by the probe is3 as would be expected3 
always lower than the cone temperature. The equilibrium temperature of 
the probe is approximately 0.4 of the equilibrium temperature of the 
rotor at the radius at which the probe is placed. Howevers the probe 
temperature does not always differ from the cone temperature by this 
factor as may be seen by comparing the broken line in figure 7.4 which
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represents 2.5 times the probe temperature with the line for T^. The 
"corrected" probe temperature lags behind that of both during the 
heatiiig and cooling periods.
Test b
The probe was raised 0.2 cm from the rotor and the probe and T^ 
temperatures measured with the heater on. After equilibrium had been 
reached5 the probe was pushed into contact with the rotor, the heater being 
left on. The time taken for the probe to reach its new equilibrium 
temperature was measured (see figure 7.5). It can be seen from figure 
7.5 that the time constant of the probe is of the order 10 seconds.
Test c
This procedure was similar to (b) with the alteration that the rotor 
heater was switched off at the same time as the probe was pushed into 
contact with the rotor (see figure 7.6).
It can be seen that extrapolation of the probe x 2.5 back to the 
time when the heating was switched off and the probe pushed into contact 
with the rotor gives a satisfactory value for the rotor temperature.
Comments on Probe Calibration
It can be seen from figures 7.4- and 7.5 that the probe reading is 
0.4 of the tip temperature under steady state conditions. It follows 
therefore that the probe must be measuring the mean temperature over 
some length of the needle extending well into the cool region within the 
PTFE sleeve.
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Considering the heating of the cold rotor (figure 7;4): according 
to calculations (Whorlow 1974), concerning the temperature distribution in 
a slab of polymer of equivalent thermal conductivity and dimensions to 
that of the cone plate gap at the probe position, one side of which is 
kept at constant temperature, the other instantaneously raised in 
temperature, the temperature distribution at a distance half way through 
the slab reaches 2 /3 of its equilibrium temperature in about 10 seconds.
Therefore the cause of the 2 minute lag of the "corrected" probe
compared to the rotor temperature must be associated with the attainment
of steady state in the PTFE sleeve.
Considering pushing in the probe under steady state rotor 
temperature: It can be seen from figure 7.5 that the probe is already
reading J the final temperature whilst 0.2 cm above the rotor. The upper 
section must presumably already be warm and it therefore responds to 
give the rotor mean temperature in ^ 20 seconds when pushed into contact.
Figure 7.6 is consistent with this hypothesis.
7.5. Test Procedure When Measuring the Temperature Rise of the Rotor
due to Shear Heating Effects
The pen recorder, biconical viscometer motor speed control and 
speed measuring systems were switched on thirty minutes before commencing 
testing to allow equilibration to occur. If the viscometer were to be used 
at an elevated temperature, the heating system controls were set at the 
required values and time allowed for temperature equilibration. If the test 
were to be carried out at room temperature, an attempt was made to keep 
this constant.
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The viscometer was loaded with the test material, the rotor 
replaced and the chamber closed. The probe was pushed onto the rotor 
surface and it was checked that both the rotor and reference probe 
located in the top platen were at the same temperature. If the test
were being carried out at an elevated temperature, a slight difference of
% 0.1°C may be evident and if so, this temperature emf value was recorded 
on the pen recorder chart as the cone zero or reference temperature. The
probe tip was then retracted into the PTFE sleeve and shearing commenced
at a set rate for a set time.
At the completion of the prearranged test, shearing was interrupted 
and the probe tip was rapidly pushed into contact with the stationary 
rotor, the emf developing with respect to time between the chamber probe 
and reference probe being recorded by the pen recorder. The subsequent 
fall in temperature to the reference temperature was measured and the 
procedure then repeated at another shear rate or at the same shear rate 
for a different time.
The recorded temperature rise, "corrected” by extrapolation back 
to the time at which shearing was stopped and multiplied by 2.5 was then 
compared with the theoretical temperature rise calculated assuming a 
perfectly insulated cone - equation 7.9.
Figure 7.7 shows a temperature against time plot recorded from such
a run.
The material under test was PIB and was sheared at a shear, rate of 
20 s"1 the shear stress being 2.4 x io5 dynes cm"2.
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The material was sheared for 1C minutes, the probe being 0.3 cm 
above the rotor surface. After this time the shearing was stopped and 
the probe pushed into contact with the rotor surface.
The rotor temperature as noted by the probe peak value was 3.55°C.
Figure 7.8 is a replot of 7.7 with the addition of figure 7.6 data 
of the probe temperature x 2.5 and the rotor temperature, this being the 
analogous electrically heated rotor case.
The rotor temperature is known in the electrically heated case, 
and it can be seen that extrapolation of the probe temperature corrected 
by the factor 2.5 yields agreement with the electrically heated rotor 
temperature upon cessation of heating.
A similar extrapolation of the recorded probe temperature in the 
shear heated case yields a value of probe temperature of 1+,7°C. Multi­
plication by the "correction’' factor gives a value of 0Q (equation 7.9) 
of 11.75°C. The reproducibility of the data was about ± 10%. The 
temperature rise was not increased by shearing for longer periods.
Assuming the thermal conductivity of PIB to be 0.13 Wm-* °K“1, the 
theoretical value of GQ from equation 7.9 is 11.6°C which is in reasonable 
agreement.
Figure 7.9 is a plot obtained using the same material and shear 
rate conditions, the probe remaining 0.2 cm above the rotor both during 
and after shearing. The plot is of the same general form as figure 7.7 
but the fall in temperature is a little faster, this being as expected 
since after cessation of shear, the maximum temperature area becomes 
the rotor and not *within the polymer.
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Tests with Hyvis sheared at a shear rate of 18.8 s"*1, the shear 
stress being 2.13 x 105 dyne cm"*2 , resulted in a corrected and extra­
polated value of 0Q of 5.8°C the time of shearing being 23 minutes. If 
the thermal conductivity of Hyvis is taken as 0.11 Wnf1 then the 
theoretical value of 0Q is 0.1°C.
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CHAPTER EIGHT 
SUSPENSION-RHEOLOGY: INTRODUCTORY REVIEW
Suspensions of particles in fluids are commonly encountered. The 
rheological properties of the suspensions during shear flow are found 
to differ from those of the base fluid, an increase in viscous energy 
dissipation being caused by the distortion of the streamlines Of the 
liquid under shear. The magnitude of this increase is dependent on the 
effects of interparticle attractive forces and particle contact inter­
action.
The effect of solids concentration on the viscosity of the suspen­
sion has, over the years, been investigated with varying degrees of 
rigour. Equations relating viscosity increase to solids concentration 
have been formulated. Of these, some are wholly empirical, some wholly 
theoretical and others are based on theory and incorporate adjustable 
constants in order to fit the experimental data.
The following must be taken into account in any systematic characteri­
zation of the system under study:
a) Rheological Characteristics of the Suspending Fluid
(i) Newtonian or non-Newtonian flow behaviour
(ii) Time dependence of viscositjr
b) Solid Phase Characteristics
(i) solids concentration
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(ii) Rigidity of particles
(iii) Solid primary particle shape, degree of interparticle attraction, 
agglomeration, size and size distribution
c) Interactions Between Fluid and Solid Phase
(i) Particle surface effects - wettability of solid by fluid
(ii) Electrical or charge effects
Particle interactions may cause non-Newtonian and time dependent 
flow behaviour to be exhibited by suspensions in non-time dependent 
Newtonian base media. In the present study, the base material exhibits 
both non-Newtonian and time dependent flow properties and therefore this 
characteristic is conferred upon the suspension.
The greater amount of suspension rheology has been carried out on 
suspensions of rigid solids in Newtonian fluids. The literature contains 
fewer systematic papers on viscosity concentration relationships of 
suspensions in non-Newtonian fluids e.g. polymer melts or polymer 
solutions and there appears to be no satisfactory theoretical treatments 
of such systems.
Equations derived for dispersions of non-interacting rigid spheres 
in linear i.e. Newtonian suspension media have been used unjustifiably 
to predict the viscosity increase due to dispersions of agglomerating, 
interacting irregularly shaped particles dispersed in non-linear i.e. 
non-Newtonian suspending media. In connection with such treatments, at 
the second Rubber Technology conference, Mullins during a discussion of 
Professor Guth’s paper dealing with suspensions of carbon blacks in polymer
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melts, said he felt that "a simple extension of Einstein*s theory of 
viscosity to the viscosity calculation of a complicated rubber system ... 
meant verging on barbarism”.
Equations relating stress and strain in a Hookean solid containing 
non-deforming particles are formally analogous to equations relating 
stress and strain rate in a Newtonian fluid containing similar particles. 
It is therefore of interest to include in this survey, the reported 
response to small strains of solid filled polymers.
Also of relevance is the response of filled polymers to oscillatory 
shear. The strain values in such tests are normally made such that the 
system behaves in a linear viscoelastic manner and hence there is again 
an analogy with a filled Newtonian system. -
8.1. SUSPENSIONS IN NEWTONIAN FLUIDS
Theoretical Equations
A . Low solids concentration
The classical Einstein (1906) relationship derived for smooth 
rigid inertia-less spherical particles at infinite dilution states that
n = —- = 1 + kc 
r  n0
where p = viscosity of the suspension, 
pQ = viscosity of the pure fluid,
C = volume concentration of the suspended particles,V
For the case where the fluid adheres to the particles, the value of the
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constant K was calculated to equal 2.5. The restriction of infinite 
dilution means that only the hydrodynamical effects of single particles 
are considered, these being summed to give the above expression. At 
higher solids concentration;, this is not possible since the effects of 
particles on the fluid streamlines begin to interact. Also, particles 
collide and temporary particle doublets, triplets and higher order 
interactions must be considered.
Roscoe (1952) concludes that, even for dilute suspensions, 
particle interactions and consequential "frozen liauid” between sphere 
doublets significantly increase the effective filler volume. As a 
rough approximation, he estimates that at C = 0.05, the effective
concentration is 0.06, while at C = 0.075 it is 0.0975.J v
Mason and Bartok (1959) have calculated that at volume concentra­
tions as low as Cv = 0.02, the volume fraction of doublets is 0.003, 
whilst at Cv - 0.08 it is 0.051. Therefore the validity of the Einstein 
expression is restricted to very low volume concentrations.
Pokrovskii (1969) considers that a systematic error is evident in 
Einstein's calculations and that the value of K for rigid spheres at low 
concentrations should be 1.5. However, whilst it is difficult to 
obtain data for K at very low volume concentrations, the experimental 
evidence available suggests that the value calculated by Einstein is 
correct.
B . Higher solids concentration
Mooney (1951) made an approximate extension of Einstein's equation 
to higher solids concentrations by taking into account the first order
- 123 -
interations between particles. He did this by introducing a crowding 
effect. That is, in a two component system, spheres of size and partial 
volume concentration Cv^ crowd spheres of size r2 into the remaining free 
volume 1 - The crowding factor A may be different from unity.
For a monodisperse system he arrived at the expression
2.5C
in n = Y-j(c~ 
v
Mooney quotes data published by Vand (1948) on a nearly monodisperse 
suspension of glass spheres of diameters ranging from 100 ym to 160 ym, 
dispersed in an equally dense solution of zinc iodide in a mixture of 
water and glycerol. If K is chosen to be 1.43, then the theoretical 
equation fits the' data over the total variation in Cy from 0 to 0.5.
Roscoe (1952) considers that for spheres of very di'verse sizes
^r ~ 2 5
r (l-C^)
Considering high concentrations of equal sized spheres, he assumed that 
a certain amount of fluid is effectively "frozen" between spheres which 
have aggregated, and that the liquid "frozen" increases the effective
3/2solids concentration by a factor --- or 1.35. Therefore a suspension
J 7T
containing a high concentration of uniform spheres may be treated as 
a suspension of spheres of very diverse sizes (due to the different sizes 
of aggregates) and concentration 1.35 so that
h
r (1-1.35CV)2-5
Comparison of his theoretical equation with data published by Ward and
Whitmore (1950) obtained using a rising sphere viscometer on a suspension
of 177-152 ym diameter polymethylmethacrylate spheres in an aqueous
solution of lead nitrate and glycerol yielded reasonable agreement for
C = 0.05 to 0.26. v
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An alternative treatment of medium to high concentration systems 
was made by Guth and Gold (1933) who state that they computed the effect 
of hydrodynamic interaction of pairs of particles upon the suspension 
viscosity and arrived at the egression
p = 1 + 2 . 5  C + K0C 2 'r v 2 v
They calculated the value of as 14.1, However, later workers have 
considered that this value is too high.
?and (1948) arrived at a value of as 7.349. Careful experiments by 
Manley and Mason (1952) who studied the behaviour of individual spheres 
in a sheared suspension showed that the period of doublet rotation which 
occurs when two spheres collide was greater than that assumed by Vand.
They therefore calculated a value of as 10.05.
Many workers have produced data using a variety of measurement 
techniques and instruments, solid shapes, concentration ranges, size 
ranges and suspending fluids. The systems are often inadequately 
characterized. Rutgers (1962 a and b) gathered together much of this 
data and also a large number of empirical, semi-theoretical and theoretical 
equations relating relative viscosity and concentration of various shapes 
of solid and published a comprehensive if uncritical review. A glance at 
the data in the review reveals a considerable scatter of results obtained 
from greatly differing suspensions. Whether it is to be expected that 
results from such differing systems should agree is questionable. Even 
careful experiments on similar systems do not agree. Considering the 
suspensions of rigid spheres in Newtonian media, Rutgers produced a rather 
arbitrary “average sphere curve’5.
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Many published equations only claim validity over a limited range of 
concentration. Those which claim validity over the whole possible 
concentration range, should, for spheres which interact only hydro- 
dynamically and are dispersed in a Newtonian media, reduce to the Einstein 
expression at low volume concentration and give an infinite viscosity at 
high concentration. Rutgers concludes that “experimental results, for 
sphere suspensions vary so much that there is always to be found some 
confirmation for some formula”.
8 *2 * VISCOSITY-SQLIDS CONCENTRATION RELATIONSHIPS IN POLYMER MEDIA
Few workers have systematically examined the flow of filled non- 
Newtonian materials with the intention of obtaining results of maximum 
accuracy so as to provide relaible data for any future theoretical 
treatment of such systems.
Industrially, fillers are added to rubbers and plastics in the 
melt state for a variety of reasons. For example, carbon blacks of 
various primary particle shapes, size ranges and surface treatments are 
commonly added to rubber melts to give improved physical properties in 
the product state.
Several papers have been published on the effect of solids concen­
tration on properties both in the melt and final state. However, due to 
the following reasons, it would be difficult to use this data for 
evaluation of theoretical suspension equations, if they were in existence:
(a) the viscosity of the melt itself (ignoring the contribution of the 
solids) has often been altered by the mixing process and sample 
pretreatment. Even if the base material is sheared in the same way
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as the mix during particle incorporation, the shear stress to which 
it is subjected will be different. It is not therefore possible to 
evaluate from such data since there is no reliable value of the 
corresponding n0.
b) the particles are of irregular, possibly unknown shape and surface 
treatment. Unknown chemico-physico interactions occur between the 
particles themselves and between the particles and the fluid medium. 
Therefore there is no theoretical treatment for a system of such 
complexity, even without the added complication of it being dispersed 
in a non-Newtonian medium.
The following published papers are of interest with respect to the 
work reported in this thesis:
Mullins and Whorlow (1951) investigated the effect of fillers i.e. 
various carbon blacks and precipitated whiting on the viscosity of natural 
rubber which contained a fixed quantity of stearic acid in order to aid 
filler dispersion. They found that rubber stocks containing fillers 
soften on working and stiffen on standing, these changes being associated 
with the breaking down and formation of internal structure both between 
the filler particles and with the polymer. They state that the measured 
value of the "plasticity" of compounded rubber stocks is not a definite 
value characteristic of the stock, but depends on the whole nast history 
of the sample and a wide range of "plasticity” values may be obtained 
depending on the history and conditions of test. Due to this behaviour, 
they did not attempt to fit their data to any theoretical equations.
Newman and Trementozzi (1965) investigated the effect of acicular 
CaSi03 (12 pm size), Styrene-Acrylonitrile-Diviny1-benzene (SAN-DVB) spheres
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(0.1 - 1 pm diameter) and glass spheres (10 - 50 ym diameter) on the 
flow properties of SAN melts. The suspensions were prepared by hot 
two roll milling of polymer plus filler, the volume concentration studied 
being Cv = 0.1 to 0.5. They measured shear stress-shear rate relationships 
for filled and unfilled melts using a capillary viscometer. They observed 
particle migration towards the axis of the tube during shear, a layer of 
polymer relatively free from filler being noted near the capillary wall.
Due to the scatter in their data, the method used to incorporate the 
particles, and the observed particle migration, it is not possible to 
obtain reliable relative viscosity data from their paper. However, the 
following points are of interest: They observed that the non-Newtonian 
flow index for the glass bead suspension decreased with increasing filler 
concentration i.e. the suspension exhibited greater pseudoplasticity.
Hence the relative viscosity value for a given filler volume concentra­
tion was found to decrease itfith increasing shear rate. They did not 
check whether this was due to a breakdown of particle aggregates with 
increasing shear rate or linked with increased particle migration away 
from the capillary wall.
The viscosity increment for a given was found to increase in 
the order SAN-DVB < glass beads < CaSiO3 which is as expected since the 
SAN--DVB particles were deformable and the CaSiO particles were acicular.
Rivin (1973) investigated the effect of various weight concentra­
tions (up to 50 phr) of carbon black on the flow properties of various 
low molecular weight rubbers. The fillers were dispersed using a 3 roll 
mill and the flow properties determined over a shear rate range of 0.3 
to 104 s""1 using a Haake Rotovisco rotary viscometer filled with a cone-
- 128 -
in
o
o
co
o
o
o
>
u
c
o
rd
c
G;
u
C
O
u
0
O
>
CD CO CD l q vtf CD Cs!
A\\s o o s\a 0Aj^B|0y
Fi
gu
re
 
8.
1 
Co
mp
ar
is
on
 
of 
th
e 
va
ri
at
io
n 
of
 
re
la
ti
ve
 
el
on
ga
ti
on
al
 
CO
) 
an
d 
sh
ea
r 
vi
sc
os
it
y 
(□ 
)
wi
th
 
Cv 
fo
r 
gl
as
s 
sp
he
re
 
fi
ll
ed
 
SA
N 
me
lt
s,
 
wi
th
 
Gu
th
 
C+
) 
an
d 
Mo
on
ey
 
(®
) 
rir
/C
v 
r
e
l
e
t
i
o
n
s
h
i
p
s
. 
(N
az
em
 
an
d 
Hi
ll
 
19
74
).
- 129 -
plate system. The viscosities of filled and unfilled polymers were found 
to converge at shear rates above 103s“'1. However, at such high shear 
rates , several effects which he did not consider could invalidate his 
measurements, namely possible particle migration9 the possibility of 
normal forces generated separating the cone and plate, or sample 
fracture. The likelihood of particle grinding occurring between the 
J° angled cone and plate at the high carbon black loadings used is not 
discussed.
Nazem and Hill (1974) investigated the variation of elongational 
and shear viscosity of a SAN copolymer melt with volume concentration 
of 50 ym diameter glass spheres. The suspensions were prepared by 
mixing on mill rolls at 180°C for 30 minutes. Whether or not the zero 
filler volume concentration samples were subjected to the same treatment 
is not stated.
A careful check was kept on the volume of the samples during 
elongation, a lack of dewetting between the filler and polymer being 
assumed s5.nce the sample volume remained constant. They found that the 
elongational viscosities obtained from constant stress creep were 
independent of shear rate in the range 6 x 10"6 to 7 x 10-lf s’"1, and 
increased with increasing filler concentration.
A conparison of the experimental data with various viscosity - 
concentration relationships -Mooney (1951), Guth (1930) - was made, (see 
figure 8.1) and good agreement was found between the relative elonga­
tional viscosities and the values predicted by Guth's (19 38) equation 
throughout the range Cv = 0 to 0.37. Since the shear rates used were 
very low and the viscosities were independent of shear rate, it may be
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assumed that the material was tested in the linear viscoelastic region.
It is therefore plausible to use Guth’s equation which is only applicable 
to suspensions in linear media.
According to Thomas (1965), termination of a power series equation, 
such as that used by Guth, after the C ^  term means a 10% or greater 
error in the value of q^ for volume fractions greater than 0.15. Nazem 
and Hill state that the agreement between their elongational data and 
Guth*s equation is consistent with the notion that Guth’s equation, derived 
for irrotational flow, is more appropriate for elongational than for 
shear flow. The relevance of drawing the distinction between simple 
shear and irrotational flow is questionable in view of the equations 
range being in doubt.
Work has also been undertaken on non-Newtonian systems of lower 
viscosity than that of a polymer melt.
Highgate and Whor-low (1970) examined the effect of various concen­
trations, = 0 to 0.1 of rigid spherical particles (glass and poly­
methylmethacrylate of diameter 90-100 ym) upon the rheological properties 
(t , y Ghd cfj) of three non-Newtonian pseudoplastic fluids. The suspending 
fluids were extremely non-linear and over the range of shear rates,
0.6-200 s~1 throughout which q^ data of high reproducibility could be 
obtained, plots of log t against log y were concave with respect to the 
shear rate axis, an average value of the gradient, equivalent to n, 
being n, >0.3. Due to the wide range of shear rates studied, and the 
pronounced concavity of plot xvith these materials, it was possible to 
recognize whether values of q^ measured at a constant shear stress or at 
a constant shear rate changed with shear stress or shear rate respectively.
- 131 -
They found that the relative viscosity, comparing the suspensions 
and suspending fluid at the same shear stress was a function of 
concentration only, whereas the relative viscosity comparing the suspensions 
and suspending fluid at the same shear rate depended on both concentra­
tion and shear rate.
Mewis and Blevser investigated the rheological properties of 
rutile Titanium dioxide Cv = 0.025 - 0.238 (nearly spherical particles 
of narrow size distribution) dispersed in an 85% solution of polymerized 
linseed oil dispersed in linseed oil. The Newtonian viscosity of the 
suspending fluid was 223 poise. At shear rates greater than 1 s-1 a 
power law region developed in which n was 0.87. Thixotropic structures 
developed in the suspension at rest, and they postulated that at high 
shear rates these were broken down. Over the shear rate range studied,
1CT1 - 102 s"1, plots of In t against In y for the base material and 
for C - 0.025 - 0.126 are almost straight parallel lilies. Therefore 
the effect of particle concentration may be represented by a shift 
parallel to either axis.
Effect of particles on the dynamic properties of molten polymers.
The addition of fillers to viscoelastic fluids will also alter 
the response of the fluid to imposed sinusoidal strain. If the imposed 
strain is within the linear viscoelastic strain limit i.e. less than one 
per cent strain, then the in-phase and out of phase components G f and G” 
of the complex dynamic modulus and their variation with shear rate and Cb, 
may be experimentally obtained. It is also possible in the above instance 
to use the theoretical equations derived for Newtonian fluids.
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Kambe et al. (1963) examined the effect of various size fractions
of glass spheres Cv = 0.04 - 0.56 on the dynamic viscosity p ? and dynamic
modulus of polyethylene melts. They concluded that the concentration
dependence of p 5 measured at 0.02 Hz could be represented by
. K ’C 
■» _  v_
lo
where p ’ and p^ refer to the filled and unfilled polymer respectively and 
K ’ and S’ are 2.5 and 1.35 respectively. The concentration dependence 
of the dynamic modulus is stated to resemble that of the dynamic viscosity. 
A glance at the dynamic modulus - concentration data reveals a large 
spread in their results such as to invalidate the drawing of the above 
conclusion.
Mills (1971) carried out a similar investigation. No error bars 
are plotted on his figures nor any estimate of error given and it is 
therefore not possible to use his data in a quantitative manner.
8.3. Effect of Particle on Shear Modulus of Solid Polymers
The addition of fillers to polymers in the melt state will alter 
the response of the solid polymer suspension to imposed shear. Work 
has been published (Mills 1971} Nielsen 1968) relating
G ^  n70" tO
Go no
where G and p and GQ and pQ are the shear modulus and viscosity of the
filled and unfilled materials respectively. Kerne’s (1956) equation9
derived for linear systems is used and it must be remembered that it is
G T)not possible to theoretically equate to —  if the viscosities are
0 n 0
determined in the non-linear region.
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CHAPTER NINE
SUSPENSION CONSTITUENTS 5 PREPARATION AND CONCENTRATION 
DETERMINATION TECHNIQUES
Criteria must be established so as to choose (a) Polymers (b) 
Fillers (c) Suspension preparation techniques (d) Concentration and 
dispersion determination techniques.
Such criteria, the materials and techniques chosen and the results 
of the concentration and dispersion determination study are detailed in 
sections 9.1 to 9.5. A description of the test materials and preparation 
techniques used for the Newtonian suspensions is given in section 9.6.
9•1• Choice of Polymer
Criteria
(a) Reproducibility of Shear Stress-Shear Rate Behaviour.
The materials were chosen to be chemically stable under test 
conditions for periods of time commensurate with suspension preparation and 
viscosity evaluation. Relative viscosity determination may be more readily 
obtained if the polymer does not exhibit time dependence of viscosity.
If no such material may be found, any time dependence exhibited should be 
reproducible and an approximately steady value of viscosity should be 
reached within tens of minutes of commencing shear.
(b) Possibility of Particle Incorporation by Preferred Method
The polymer must be available in a fine powder form, the particle 
size being of the same order as that of the solid particles from which 
the suspensions are to be made.
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(c) Degree of Non-Newtonian Behaviour
A high degree of departure from Newtonian behaviour was desirable 
within the shear rate range throughout which viscosity measurements could 
be made with the chosen viscometer.
(d) Viscosity
A high viscosity value is desirable to prevent sedimentation of the 
suspension within the time scale of the experiment. In practice this 
requirement is consistent with requirement (c). Materials which satisfy
(c) and (d) exhibit substantial time dependence of viscosity. A compro­
mise must therefore be reached with (a).
(e) Optical Properties
Transparency of the polymer in the solid state is an asset since 
particle distribution may be more readily seen.
Polymers Chosen
JAlkatheneT grade 17/04/00 Low Density Polyethylene powder and 
’Alkathene' P 105 Ethylene/Vinyl Acetate powder referred to as LDPE and 
EVA respectively were used. A description of these materials is given in 
section 4.2.
The viscosity of the materials chosen was in the range 10  ^- 108 
poise under the test temperatures and shear rates used. Such a value 
was considered sufficient to prevent significant sedimentation occurring 
within the suspensions during the timescale of a typical test run. A 
Stokes law approximation to the sedimentation velocity of a typical 
suspension particle yields values of the order 10~8 cm s'*1.
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9.2. Choice of Filler 
Criteria
The particles were chosen to be spherical, non-colloidal, of as 
low a density as possible, rigid and chemically stable under test 
conditions and exhibiting no specific chemical interations with the 
polymer melt.
Fillers Chosen
Two fillers were found to meet the above requirements:
(i) Lead glass ballotini, manufactured by Englass Ltd., and sieved into 
a 75-90 ym fraction.
The undersides of the sieves required repeated light brushing 
to prevent their clogging. Samples were examined under a micro­
scope to check for particle size distribution and spherulicity. 
Smaller size fractions were found to contain a high proportion of 
irregularly shaped particles and it was therefore only possible to 
prepare suspensions from the 75~90 ym fraction. The 75-90 ym 
fraction is referred to as ballotini.
The density of the material was obtained by.careful specific 
gravity bottle measurements and found to be 2.89 g cm-3.
(ii) Spherical bronze powder supplied by J and J Makin Ltd. grade 89/11. 
This was sieved into 75-90 ym and 25-45 ym fractions using similar 
techniques to those used for the ballotini. The fractions are 
referred to as Bronze (75-90 ym) or Bronze (25-45 ym) spheres 
respectively.
10 ym
Surface of a glass sphere from a 
(75-90)ym sieved ballotini fraction
10 ym
Surface of a bronze sphere from a 
bronze (75-90)ym sphere sieved fraction
 ^ 4 * 3d —
PLATE 9.0
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The density of the material was obtained by careful specific 
gravity bottle measurement and found to be 0.78 g cm”3.
The surface finish of the particles may be observed from the 
Scanning Electron Microscope photographs shown in plate 9.0 which 
were taken on a Cambridge Stereoscan. The surface of the glass 
may be seen to be smoother than that of the bronze. The asperities 
apparent in the surface of the latter are of indeterminate depth.
9.3. SUSPENSION PREPARATION TECHNIQUES
It is of the utmost importance that the act of addition of particles 
during suspension preparation does not alter the polymer properties.
Examples of factors which could cause a highly significant modi­
fication of the polymer’s viscosity are: alteration of polymer molecular 
weight by mechanical or chemical means, or incomplete removal of solvent 
used in the dispersal process.
Many methods were tried. The following was found to be most 
suitable and was therefore adopted.
(a) Powder Dispersal or Dry Blending
In order to reduce the number of stages at which polymer modification 
could occur, it was decided to dry blend the polymer and filler and then 
vacuum mould this blend directly around the biconical rotor.
The filler to polymer weight ratio required to give a certain 
volume ratio in the melt state was calculated using the filler density 
as obtained from specific gravity bottle measurements and the melt density 
of the polymer as specified by the manufacturers,
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A weighted amount of filler was added to a weighed amount of polymer 
powder of similar particle size. The polymer - filler dry blend was 
enclosed in a sealed container which was shaken. rotated and inverted 
for approximately twenty minutes until samples taken from different parts 
of the batch were found to have similar filler concentrations when viewed 
through a microscope. The polymer - filler dry blend was then loaded 
into the vacuum mould and testpieces produced as described in section 2 .2 .
Appraisals of particle dispersion and concentration were made, and 
these were found to be satisfactory.
The following dispension techniques were tried, but rejected for the 
stated reasons;
(b) Solution Dispersal
The viscosity of a polymer may be lowered by forming a solution in 
a suitable solvent. Dispersal of particles may then be carried out 
without the occurrence of shear degradation of the polymer. Trial runs 
were made dissolving Polyisobutylene in Carbon Tetrachloride. The 
suspension solution was then prepared using an electrical stirrer; Two 
alternative methods of solvent removal were tried:
(i) Thin Film Evaporation
The suspension solution was poured into a round bottomed flask which
was rotated, heated in a water bath and evacuated. The principle
was that the act of rotation would prevent sedimentation whilst
the vacuum would provide for rapid removal of solvent. The flask
was only partly filled so that a thin film of filled polymer would 
%
coat the flask wall, allowing for rapid solvent removal since the
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distance through which the solvent had to diffuse was decreased. 
However, it was not found possible to remove the solvent completely 
and the method was rejected.
(ii) Lyophilization
This technique involves the removal of solvent by sublimation or 
evaporation from the solid state. The suspension was poured into 
a round bottomed flask which was rotated in a bath containing an 
acetone-solid carbon dioxide mixture, the temperature being approxi­
mately -70°C. The suspension coated the walls of the flask as it 
froze. The flask and contents were allowed to attain the bath 
temperature and then removed and connected to a suitably trapped 
vacuum pump via a short length of flexible tubing. The solvent should 
sublime from the solid, the latent heat of vaporization keeping 
the suspension frozen. If it began to melt, the flask was replaced 
in the cold bath. After a few days of pumping, all the solvent 
should have been removed -and a spongey ’lyophilizate’ left in the 
flask which could subsequently be moulded into a test piece.
However, it was found to be an extremely tedious process and 
difficulty was encountered in ensuring complete removal of the 
solvent. After a great deal of experimentation the method was 
rejected.
(c) Mechanical Mixing
Fillers are dispersed in polymer melts industrially by the use of 
instruments such as "Two roll mills", "Internal mixers" and "Extruders" 
which shear the suspensions. Since the polymers are subjected to high 
shear rates, temperatures and the read}?- ingress of oxygen, chain scission 
or crosslinking may occur.
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Exploratory tests were carried out using a two roll mill. Polyethy­
lene was banded on the hot mill at 150°C. An attempt was made to add 
filler as rapidly as possible whilst minimising filler losses. Lateral 
dispersion across the mill rolls was attempted by "cutting and folding" 
the polymer melt. The mix was then cut from the hot rolls, allowed to 
cool.; and passed into a granulator. The granulated polymer was then 
moulded around the biconicai rotor as described in section 2 .2 .
The technique was not adopted since it was felt likely that 
unquantifiable degradation may occur.
9.4. CONCENTRATION DETERMINATION TECHNIQUES
In general, the "nominal" volume concentration, that is the volume 
concentration desired when weighing out the constituents of the suspen­
sion, was relied upon when describing a given suspension rather than the 
usage for every sample of the analytical methods documented in this 
section. However, since the volume concentration value is of major 
significance, it is of great importance that checks be made on this 
Quantity, and if agreement is found between the nominal value and that 
determined by analytical techniques, then the nominal value of C^ may 
be considered to be reliable.
The analytical techniques used, Soxhlet extraction and gravimetric 
analysis are described and an estimate of accuracy and the results obtained 
using these techniques are given.
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Porous thimble 
chamber
Boiling solvent
Figure 9.0 Soxhlet apparatus
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9.4.1. Particle Extraction by Solution Techniques 
Soxhlet Extraction
If the polymer from a known weight of suspension is removed by 
solution techniques and the filler remaining is weighed, then the volume 
concentration of filler may be determined.
In practice, certain conditions must be fulfilled to enable an 
accurate determination to be made. The weighings required may be most 
easily obtained by using a container of fixed weight for the solution 
extraction technique and calculating the filler weight by difference 
weighings. Difficulties were encountered in finding such a container.
The alternative procedure of removing the filler from the extraction 
container and weighing it separately leads to filler .losses which add 
to the irreproducibility.
Polyethylene is not readily soluble in many solvents even at 
elevated temperatures. Therefore a Soxhlet extraction system which 
consists of a siphon located at the top of a distillation column was 
used. The sample is located in a porous thimble, which is washed by 
pure boiling solvent, the dissolved polymer being removed from the filler 
(see figure 9.0).
The following procedure was used:
The extraction thimble was placed in the Soxhlet extractor and 
subjected to boiling toluene for 24 hours, then dried in an oven at 100°C5 
placed within a dessicator and subsecuently weighed on an electrical 
balance, which contained a dessicant. This procedure was repeated and a 
check was made that the thimble weight remained constant. A sintered 
glass thimble was chosen since paper or fibre thimbles significantly
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changed in weight during solvent extraction. Their weights also 
fluctuated due to rapid and variable moisture absorption from the 
atmosphere during weighing.
A weighed amount of sample ('x- 10 g) was then placed within the 
weighed thimble which was placed within the Soxhlet extractor and 
extracted for several days.
The thimble was then removed, heated at 100°C in an oven and placed 
within a dessicator. After several hours, the thimble and contents 
were weighed, again under dry conditions. This procedure was repeated 
until successive weighings revealed no significant weight change. It was 
then a simple matter to calculate the volume concentration C^.
Estimate of Accuracy of Analytical Technique and Conclusions Reached
An estimate of the accuracy of this technicue was obtained by loading 
a known weight (± 0 .01%) of filler plus a known x^eight (± 0 .01%) of 
polyethylene pox^der into a weighed (± 0 .01%) thimble and carrying out 
the extraction routine. A comparison of the weight of filler remaining in 
the thimble after extraction with the known weight added revealed an 
uncertainty of approximately ±5%.
A comparison of the Cv value of suspensions as determined by the 
Soxhlet extraction techniques with the nominal value as predicted from 
the weighing out of the constituents when preparing the suspension 
revealed a similar degree of uncertainty.
That is 5 the Soxhlet values agreed with the nominal values within the 
accuracy of the Soxhlet technique.
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9.4.2. Gravimetric Analysis
It is possible to find the percentage Carbon, Hydrogen and Nitrogen 
composition of, for example, polyethylene, to within ± 0.3% using an 
elemental analyser within which the sample is pyrolysed at 900°C and the 
percentage weight of the above elements obtained. If the percentage of 
Carbon, Hydrogen and Nitrogen of a filled and an unfilled polymer are 
determined and it is known that there are insignificant quantities of 
the above elements detectable by the analytical technique in the filler, 
then it is possible to determine the weight concentration and via the 
density, the volume concentration of the filler.
The following procedure was used:
Weighed quantities od: filled polymer sample 2 mg) in the form 
of drill shavings were analysed for Carbon, Hydrogen and Nitrogen composi­
tion using a Perkin Elmer Elemental Analyser model 240 and the elemental 
weight percentages calculated. The Nitrogen content was found to be 
insignificant. The weight ratio of filler to polymer plus filler was 
calculated, and from this and the densities, the volume concentration 
Cv calculated.
This procedure was carried out for several representative test
suspensions and agreement to ± 2% was found between nominal and calculated
values of C .v
9.4.3. Techniques Not Selected 
Optical Techniques
A quantitative measurement of particle concentration could be 
attempted by using a hot stage microscope and melting a thin slice of 
known volume cut from a sample. The number of filler particles could
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then be counted and the volume concentration of filler calculated.
However,, a large error may arise if this method is used for a 
polydisperse filler particle system whose size distribution is not 
accurately known. This is due to the fact that the volume of any 
particle is dependent on the third power of its radius and therefore 
if the volume concentration is determined from the number of particles 
present, an error in the volume concentration will arise. Errors are 
also present due to the cut surface (see section 9.5) when the samples 
are very small.
Pyrolysis
It is possible to separate the polymer from the filler by pyro- 
lysing weighed amounts of sample in an oxygen filled furnace and weighing 
the filler which remains. This method was not used since there was a 
lack of suitable equipment.
9 •5• DEGREE OF PARTICLE DISPERSAL WITHIN THE SUSPENSIONS WITHIN THE
TIMESCALE OF RELATIVE VISCOSITY EVALUATION EXPERIMENTS
Of similar importance to the quantitative macroscopic volume 
concentration determination is the degree of particle distribution 
within the suspensions. Representative reference suspensions were examined 
both prior to shear and after having been sheared for times of less than 
ninety minutes 3 this being the maximum time within which relative viscosity 
data were collected as detailed in Chapter 11.
Techniques Used
It would be extremely informative if particle motion could be 
observed during shear9 but due to the test temperatures used and the
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consequent construction of the apparatus it xvas not considered feasible 
to modify the viscometer in such a way as to make such observations 
possible.
Since polymers solidify on cooling9 an attempt was made to remove 
the suspensions from the viscometer in the solid state in as good a 
condition "as-possible. With a degree of practice it was feasible to 
remove samples if the chamber was opened whilst the polymer was at the 
optimum temperature3 that is whilst it was still reasonably flexible9 
but had a sufficient tear strength.
Solid low density polyethylene is translucent9 whilst filled low 
density polyethylene of a thickness greater than approximately 1 mm is 
opaque the opacity obviously being dependent on the volume concentration 
of filler. Thus the surface distribution of the particles may be examined 
but in order to obtain information about other areas within the suspen­
sion , samples of approximately 1 mm thick were cut from within various 
parts of the samples. Such slices are greater than ten particle diameters 
thick and it was hoped that the possible biasing of the particle distri­
bution which occurs due to the cutting technique would not be significant.
As the slice.is cut. particles on the line of the new surface 
formed will not be cut by the knife 9 but will possibly be detached from 
the specimen leaving craters. Thus the surface of the slice is probably 
not representative of the remainder of the suspension.
The specimens were examined using a Wild photomicroscope and a 
Reichert microscope which desplays a magnified image on a screen.
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Observations
Uniform particle distribution was observed on the uncut surface and 
within samples of suspensions of glass and bronze spheres in both LDPE 
and EVA of various volume concentrations examined prior to shear and 
also after having been sheared for ninety minutes at various shear rates 
during the tests detailed in Chapter 11.
Attempts were made at quantification of the observations by the 
counting of spheres viewed within a fixed volume of suspension the 
magnified image of which was displayed on a screen.
It was possible to conclude that the particle distribution was 
uniform and that the particles were not aggregated. Particle doublets 
could be observed after shearing but these are to be expected at concen­
trations of the range studied.
9*6* MATERIALS USED FOR THE STUDY OF SUSPENSIONS IN NEWTONIAN MEDIA 
Newtonian Fluid
Hyvis polybutene9 manufactured by B.P. Ltd. of molecular weight 
24g00Q9 and of viscosity 105 poise at room temperature was chosen.
It is a chemically stable clear tacky fluid the viscosity being 
Newtonian within the shear rate range used and sufficient to prevent 
significant sedimentation occurring within the timesca.le of the suspension 
experiments. -
Fillers
In addition to ballotini and bronze (75-90 pm) spheres3 an acrylic 
moulding powder produced by I.C.I. Ltd. under the trade name Kallodoc was
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used. Particles of diameter 75-90 pm were selected by repeated sieving. 
The density of the particles as measured by density bottle was 1.18 g 
cm" 3 in accordance with the manufacturer’s published data.
Preparation of Suspensions in Hyvis
Since Hyvis is of substantially lower viscosity than the other 
polymers studied if measured at an equivalent temperature, a different 
suspension preparation technique was used3 a description of which follows:
A weighed amount of Hyvis was transferred into a beaker and then 
heated to approximately 100°C on a hot plate. At this temperature the 
viscosity was of the order 50 poise. A weighed amount of filler was 
rapidly mixed in by means of a high speed Stirrer. The suspension was 
then left for thirty minutes to allow the air bubbles to clear from the 
fluid. The suspension was then stirred again at the highest rate compa­
tible with not introducing air bubbles.
A portion of the suspension was rapidly transferred to the Rheomat 
viscometer and tested as detailed in section 3.5. After further stirring3 
a second portion of the same batch was tested and the results compared 
as a test on bulk uniformity of particle distribution.
Tests on pure Hyvis showed that the viscosity was not significantly 
altered by the heating associated with the mixing process. Suspension 
sanples were examined under a microscope and no undue evidence of 
aggregation was found.
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CHAPTER TEN
INVESTIGATION OF THE PARTICLE DISTRIBUTION WITHIN SHEARED 
SUSPENSIONS AT LONG TIMES
It has been established in Chapter 9 that the suspensions appear 
to be uniformly dispersed at times of shear up to ninety minutes if the 
test routine documented in Chapter 11 is followed9 the maximum shear 
rate being 1.42 s_1 for a time of ten minutes.
It was considered possible that observable particle migration 
such as that described by Highgate and Whorlow (1960) which was found 
to occur within sheared filled polymer solutions would occur at such 
shear rates after long times of shear. A review of particle migration 
occurrences reported in the literature and a description of the investi­
gation undertaken follows.
10.1. Review
Various workers have examined the motion of particles in sheared 
suspensions. Some used techniques involving the monitoring of the 
movements of individual particles in low solids concentration suspensions. 
Others examined samples of suspensions which had been sheared whilst 
fluid then allowed to cool, the particle distribution being exam5.ned 
in the "frozen" or solid state. Valuable information has been obtained 
by such careful studies.
Early work by Segre and Silberberg (1961) using a suspension in a 
Newtonian fluid showed that macroscopic spherical particles collect into 
a thin annular region when an initially uniform dilute syspension is
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sheared in laminar flow through a straight tube. They found that the 
development of the effect was proportional to the tube length, the 
mean velocity of flow, and to the fourth power of the ratio particle 
to tube radius.
Newman and Trementozzi (1965) observed a similar qualitative 
effect whilst shearing suspensions of spheres dispersed in polymer melts. 
They observed axial migration of filler particles 3 a layer of polymer 
relatively free from filler being noted near the capillary wall.
Kubat (1972) investigated such migration away from the wall of a 
tube into a region of higher flow velocity and hence ~ in injection 
moulding into a cold tube ~ separation of particles and polymer in the 
axial direction. He injection moulded low density polyethylene filled 
with either glass spheres 50-100 ym or 4-40 ym diameter or glass fibres 
into a spiral mould. He found appreciable phase separation occurring 
along the length of the spiral when 50-100 ym spheres were used. With 
glass spheres of 4-40 ym diameter or glass fibres, the effect was practi­
cally negligible - an effect of sphere size which is in agreement with 
Segre and SilbePberg.
Giuffria et al. (1963) found similar effects occurring in High 
Impact Polystyrene which consists of styrene-butadiene copolymer particles 
dispersed in the polystyrene matrix. They compared the dispersion of 
copolymer particles in sheet extruded under various shear rate conditions. 
The sheet produced at high shear rates had distinctly fewer large copo­
lymer particles in the area just below the sheet surface as opposed to 
sheet produced at low shear rates which had a uniform distribution of 
copolymer particles.
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Mason et al. (1957) (1963) (1966) (1971) have published many 
papers on results obtained by observing particles of various shapes 
and sizes sheared in Newtonian, elastieoviscous - i.e. pseudoplastic r 
fluids which exhibit normal stress differences - and pseudoplastic 
fluids not exhibiting normal stress differences, sheared in Couette 
and tube flow. In the latter type of flow, with suspensions in New­
tonian media, particle migration was observed towards an equilibrium 
radial position close to one half the tube radius. The rate of 
migration increased with increasing flow rate, particle size and radial 
displacement from the equilibrium position. They observed migration 
towards a region of lower velocity gradient in the case of elastico- 
viscous fluids and towards a higher velocity gradient in the case of 
pseudoplastic fluids i.e. those not exhibiting normal stress differences. 
This difference in behaviour was also noted in Couette flow.
Highgate and Whorlow (1968) observed rapid radial migration of 
suspended spheres in certain suspensions in non-Newtonian fluids sheared 
in a cone-plate viscometer. Spheres initially uniformly suspended in 
Polyisobutylene solution fell into distinct circular rings of high 
particle density within seconds of the start of the shearing motion, the 
shear rate being 130 s-1. However, in control experiments using Rheoplex 
and Sodium Carboxy Methyl Cellulose suspending phases no appreciable 
migration resulted during long periods of shear, up to 60 minutes, thus 
directly eliminating centrifugal effects or non-linearity of the flow 
curves as a primary cause of this phenomenon. They also observed a 
complex migration process taking place when solid spherical particles 
suspended in Polyisobutylene or Polyacrylamide were sheared in a Concentric 
Cylinder apparatus. The particles were observed to move along the length 
of the annular gap and out into the region above and below the inner 
cylinder.
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10.2. Description of Samples and Shear Treatment
The techniques of suspension removal and observation documented 
in section 9.5 were used. In addition, photographs were taken of the 
samples using the Wild photomicroscope or an Exacta S.L.R. camera with 
FP 4 film. However, resolution is lost in such a process and only those 
photographs which were felt to reproduce to some extent, the effect seen 
by viewing the original specimens have been printed in this thesis.
Suspensions of bronze spheres in LDPE were given the following 
treatment and subsequently removed from the test chamber and examined.
The suspensions were sheared at a rate of 1.4 s" 1 and at a temperature of 
122°C in the biconical viscometer rotor and chamber 3.
Sample 1
A suspension of bronze (75-90 ym) spheres of volume concentration 
0,060 sheared for 22 hours, the total shear being 1.1 x 1 05.
Sample 2
As sample 1, but the volume concentration of spheres was 0.005. 
Sample 3
A suspension of bronze (25-45 ym) spheres of volume concentration 
0.080 was sheared for 22 hours, the total shear being 1.1 x 105
Sample 4
A sample 3, but the volume concentration of spheres was 0.060.
I.2 cm.
PLATE 10.1(a) Sample 1 - (75-90)ym bronze 
spheres dispersed in LDPE. Sheared for 22 hours at 1.4 s_1 
Regions 1, 2 and 3 (Plate 10.2) shown.
1-2cm.
PLATE 10.1(b) Sample 4 - (25-45)ym bronze spheres 
dispersed in LDPE. Sheared for 22 hours at 1.4 s_1.
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Sample 5
As sample 4, but the time of shearing was 170 hours, the total
shear being 3.6 x 105.
Observations
The particle distribution of samples sheared for periods of time
far greater than those -used, for relative viscosity evaluation tests
altered with time of shear. Different rates of migration were shown 
by the 75-90 ym (Plate 10.1a) compared to the 25-45 ym diameter (Plate 
1 0 .1b) spheres.
Within sample 1 , an annulus was apparent towards the centre of 
the disc between radii 0.6 and 1.6 cm which was almost clear of particles 
(Plate 10.1a). If a light source were placed behind the sample, rings 
of particles could be observed in this region. There was no sample 
at radii less than 0.6 cm since the space between the rotor and chamber 
is only 0.1 mm thick over this area, this being the "rotor bearing 
surface". (See figure 2.1). A distinctive "gear wheel" type pattern was 
apparent on the specimen surfaces at greater radii than 1.6 cm.
Radial slices were cut from the sample in order to examine the 
vertical particle distribution through the suspension. A volume of 
close packed spheres was observed around, but not in contact with the 
rotor tip surfacethe spheres were enveloped at greater radii by a 
less concentrated region in contact with the chamber edge- A sketch 
of this region is given (see figure 1 0.1 ) since a satisfactory photo­
graph was not available.
Region 1
Region 2
Region 3
PLATE 10.2 Photomicrographs of sections from sample I.
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The "gear wheel" pattern on the specimen surfaces was made up of 
close packed spheres. This pattern occurred on both the top and bottom 
surfaces and was therefore not due to sedimentation.
Photomicrographs taken using the Wild nhotomicroscope, of regions 
1, 2 and 3 (see plate 10.1a) of sample 1 are shown in plate 10.2. The 
direction of the streamlines within the sheared suspension is shown, 
and lines of spheres may be observed in Regions 1 and 2 lying along 
such streamlines. Region 3 consists of close packed spheres lying on 
the sample surface.
Specimen 2 was of very low solids concentration, it being hoped 
that evidence of ring formation and movement could be more easily 
observed at greater radii where the close packed region was normally 
in existence in higher volume concentration specimens. The majority of 
particles were found in the rotor edge region. Necklace formations 
were apparent within the rest of the sample. It is not possible to
conclude that the chains were sections of migrating rings of particles
since they could have been initiated by roughness in the rotor or chamber 
surfaces.
The following suspensions consisted of spheres of smaller diameter. 
Ring formations and gear wheel patterns could be discerned in sample 3
but there was no annular zone clear of particles as noted in sample 1 .
This was considered possibly to be due to the higher volume concentration 
of Cv = 0.080 as compared to 0.060, so sample 4 was tested.
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Sample 4 only differed originally from sample 1 in the particle 
size of the suspension. Its appearance after shear may be compared 
with that of sample 1 by comparison of plates 10.1b with 10.1a. When 
viewed against a dark surface, prominent rings were apparent at radii 
1.1 and 1.8 cm, several less prominent rings being visible at other 
radii. The whole specimen was opaque due to the presence of the bronze 
spheres. However, if the sample were held in front of a light source, 
the annulus between radii 1.1 and 1.0 cm was seen to be of significantly 
lower particle density than the rest of the sample.
The particle distribution was not significantly altered further 
by shearing for 170 hours as could be observed from Sample 5.
10.3. Discussion
An estimate of the distance through which the particles should 
move in a vertical and radial direction due to sedimentation and centri­
fugal forces may be made;
Assuming Stokes law, the distance through which a sphere of 
diameter 100 pm suspended in a fluid of viscosity 9 x 10^ poise should 
fall is ^ 0*04 cm and the radial movement if the shear rate is 'v 1 s" 1 
should be of the order 10“6cm. It is therefore likely that some other 
effects are causing the redistribution of particles.
Highgate and Whorlow (1968a) developed a theory for the overall 
radial migration rate in cone-plate viscometers in terms of the effect
9r present in aon a single particle of the normal stress gradient 
cone-plate system during the shearing of a normal stress producing 
material.
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For the purpose of this treatment, they assumed that p - p22 
and p22 - P 33 are zero at the surface of the sphere but that the gradient 
of p 33 is unaffected by the presence of the sphere.
The sphere, of radius a, would experience a radial force
47ra3 ^ 3 3  
3 ~ 9r *
If it is assumed that p22 ~ P 33 = 0 within the system then
3 3 2F m 2F
= ----- = _  where m = --- and F is the force generated by the normal
d o o r  o
np^r
stress differences tending to separate a cone and plate of radius p 
during shear.
That is, the force on a sphere at a radius r is given by
47ra3 m 
3 r ‘
If Stokes law applied 
dr 2 a2 m
where is the viscosity experienced in a direction parallel to the 
shearing planes and perpendicular to the streamlines.
Therefore, the time taken for a sphere to travel between radii 
r 1 and r2 is given by
9TV n
T = —  [r2 - r2] .
Ka2m 2 1
From measurements made on spheres falling through sheared fluid they
concluded that n,™ for their fluid was larger than the measured -r and 
TD Y
decreased less rapidly with shear rate than the latter quantity.
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It is of interest to make an order of magnitude calculation in 
order to compare their predicted migration rate for the suspensions
studied in this thesis with that observed in practice.
2F
The value of --- for this system at the shear rate and test
7rp2
temperature used is 2 x 105 dyne cm-2 and the value of v- obtained
from the biconical viscometer is ^ 0.9 x 105 poise.
By comparison with the data for reported by Highgate and 
Whorlow, it is reasonable to take-an estimate of of 1.7 x 105 poise. 
The predicted time taken for particles of radius (a) 4.3 x 10“ 3 and
(b) 2 X'lo*-3 cm to migrate to form an almost clear annulus of Ar 1.0 cm, 
that is if the particles start from a radius r =0.6 cm and migrate to a 
radius r^ = 1.6 cm is 63 hours for the 4.3 x 10”3 cm and 290 hours 
for the 2 x 10“3 cm radius particles.
The prediction that the larger spheres migrate more rapidly than the 
smaller spheres appears to be correct for the above suspensions under 
the limited conditions of particle size, shear rates, times of shear etc. 
Obviously the theory has not been proven to be valid, but it is of 
interest that for the larger diameter spheres, the predicted time to 
clear the inner region c-f Ar 1 cm is of the same order as that found for 
sample 1. It must be remembered that it is difficult to predict a value 
of the transverse viscosity r)^.
Highgate (1965) lists other possible mechanisms for ring formation 
and particle migration, one of which is secondary fluid flow in the cone- 
plate gap as noted by Hoppman (1964) in wide angled cones when the gap 
contained various viscoelastic fluids, and predicted by Bhatnagar and 
Rathna (1963) for flew in narrow angled cones when filled with materials 
obeying the Reiner-Rivlin equation of state.
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The particle distribution after considerable shear, noted in 
this investigation in which "frozen” samples could be examined in cross 
section,is consistent with the scavenging effect of multi-cellular 
secondary flows similar to those mentioned above.
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CHAPTER ELEVEN
QUANTITATIVE FLOW BEHAVIOUR OF POLYMER MELTS CONTAINING
DISPERSED FILLERS
The following are the results of an investigation into the effect 
of rigid spherical fillers on the shear stress - shear rate relationships 
of two polymer melts over the shear rate range 0.24 to 1.42 s**1 using the 
viscometric techniques developed for pure polymer melts.
Also reported are comparative control experiments carried out 
using suspensions in Newtonian media.
11.1. Time Dependence of Shear Stress During Shearing at a Constant Rate
It has been shown in Chapter 5 that the polymer melts studied 
during this investigation exhibit a decrease of shear stress with time 
of shearing. Consequently3 the time variation in viscosity of particle 
suspensions in polymer melts must be measured if the effect of the 
particles on viscosity is to be determined. Using the biconical visco­
meter and rotors and chambers 2 and 3S the following data were obtained.
Figure 11.1 shows the variation of shear stress with time of 
shearing which occurred when LDPES LDPE plus 0.03, 0.050 and 0.085 
volume fractions of ballotini were sheared at a shear rate of 1.18 s-1 
and a temperature of 122°C. The first value plotted for each run is the 
peak shear stress value. The shear stress required to shear the suspen­
sions at a constant shear rate may be seen to decrease with time of 
shearing in< a similar manner to that exhibited by the base polymer. 
Similar plots were obtained with the other suspension systems studied.
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The reproducibility of the shear stress data, other than the 
peak values9 obtained from completely independent mixes of a given 
suspension system and volume concentration„ was about ± 1%. The peak 
shear stress reproducibility obtained upon commencement of shear was 
slightly poorer being about ±2%, No significant difference was noted 
between shear stress values obtained using rotor and corresponding 
chamber 2 or 3.
•2. Relative Viscosity - Time Dependence
The viscosity increase which occurs due to the presence of the 
dispersed phase may be described by the relative viscosity value 
Since the viscosities of the suspensions and base polymers vary with time 
of shearing9 relative viscosity values were obtained by comparison at 
equivalent times from the commencement of shear and9 obviously9 at 
equivalent shear rates.
If relative viscosity values were to be obtained at a number of 
shear rates9 then the suspensions and base polymers were subjected to 
an identical shear rate - time programme. Figures 11.2, 11.3 and 11.4 
show the variation with time of for certain suspensions during a 
period of shearing at a constant rate. The samples were not sheared 
prior to testings apart from that associated with their moulding and 
loading into the viscometer.
Figure 11.2 was obtained from three concentrations of ballotini.. 
in LDPE at 122°C sheared at 1.18 s-1;
Figure 11.3 from three concentrations of ballotini in EVA at 122°C 
sheared at 1.42 s"1;
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1 0
6
Cv=
1 0
0-085
0 0 5 8
0-030
0-000
1 0
I i n i n. 11 I I I I I I I I i i I i i. ■! I I I I t 1 t
-1 ,0
1 0 “' 1 0'
Rate of shear (sec--*)
101 ‘
Figure 11.5 Flow curves of LDPE and three LDPE/bronze (75-90 lira) 
sphere suspensions, 122°C. Shear rate/time routine 
given in the text.
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Figure 11.4 from three concentrations of bronze (25-45 pm) spheres 
in EVA at 122°C sheared at 1.42 s”1.
Also plotted on the figures is a simple additive estimate 6f the
likely error in (± /2%) calculated assuming an uncertainty in the
viscosity of the base polymer or suspension of ± 1%. No significant
variation of relative viscosity with time of shearing was evident from
the data obtained if it is remembered that the peak values of n arer
less reliable than the others.
11 .'3. Relative Viscosity - Shear Rate Dependence
Since the time required to prepare a sample for testing was four 
hours, it was obviously desirable to obtain the maximum amount of 
information from each test run. The following procedure was therefore 
adopted:
The suspensions and base polymer were sheared according to a set 
routine for standard times at a series of rates and relative viscosity 
values were obtained by comparison of viscosities obtained at 
corresponding shear rates and times. Figures 11.5 and 11.6 show typical 
results which were obtained using this procedure.
The samples were sheared at 1.10 s” 1 for 30 minutes - in order 
to check that a constant relative viscosity value was being obtained, 
and to condition the sample.
If the polymer or suspension has been sheared at such a rate for 
such a time, the viscosity changes less rapidly with time for both that 
rate and for the corresponding rates in the procedure. Any inaccuracy 
in time measurement is therefore of smaller significance in relative 
viscosity determination.
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The above shear rate was followed immediately by 1.42, 0.94,
0.47, 0.24 and 0.71 s" 1 for ten minutes each - these times being shorter 
since it was desirable to keep the test time to a minimum to minimise 
particle migration - and then the sample was finally sheared for ten 
minutes at the original rate of 1.10 s“* to check that no unexpedted 
viscosity change had occurred.
The data plotted on logarithmic axes in figure 11.5 are the shear 
stresses which were obtained for LDPE and 3 Bronze (75-90 ym) sphere/
LDPE suspensions at 122°C immediately prior to shearing at the next 
rate in the series. Two points are plotted for each concentration at 
a shear rate of 1.10 s""1, the Upper point being that obtained at t = 30 
minutes, the lower at t = 90 minutes.
Figure 11.6 was obtained from Figure 11.5 data, being a plot of 
relative viscosity against shear rate for three concentrations of Bronze 
(75-90 urn) suspensions at 122°C. The relative viscosity value at the end 
of the test (t = 90 minutes) plotted as (0) does not differ significantly 
from that obtained at t = 30 minutes (or t = 10 seconds, this value not 
being plotted).
Similar results were obtained from the other suspensions studied 
and it is possible to conclude that for these suspensions and test 
conditions, the relative viscosity is independent of the shear rate 
within the accuracy of the experimental data.
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11.4. Relative Viscosity - Concentration Dependence
The data presented in this section are the averages of several 
tests on independent mixes of suspensions at each concentration and 
shear rate.
Neither the shear rate, the time of shearing, or the rotor and 
chamber used are quoted since for the suspensions studied, the viscosity 
increase was independent of shear rate (0.24-1.42 s-1), time of shearing 
(up to 90 minutes) and rotor and chamber system (2 or 3). The relative 
viscosity value obtained from peak shear stresses upon commencement of 
shear was not included in the averaging procedure, this being slightly 
less reproducible than obtained at times greater than 10 seconds.
The standard deviation of the relative viscosity was about ± /2% of the 
values quoted for each suspension and concentration. Figure 11.7 is a graph 
of relative viscosity against volume concentration of spherical particles 
for the following:
Bronze (75-90 ym) spheres, C 0.03, 0.058 and 0.085 in LDPE at 122°C;
Bronze (25-45 ym) spheres, Cv 0.03, 0.050 and 0.005 in LDPE at 122°C;
Bronze (75-90 ym) spheres, 0.03, 0.050 and 0.085 in LDPE at 162°C.
A typical set of data obtained on 5 independent samples of pure
LDPE melt at 122°C and 2 independent samples of melt plus 0.085 volume 
fraction of Bronze (75-90 ym) spheres is given in table 11.0. The average 
relative viscosity result of n = 1.34(0) for this volume concentration 
at this temperature is one of the points plotted in figure 11.7.
- 174 -
TABLE 11.0
Relative viscosity - shear rate - time dependence for Bronze (75-90 ym) 
spheres - LDPE suspension C^= 0.085 at 122°C (see figure 11.7).
Shear rate Time
minutes
1.1*
1.42
0.94
0.47
30
Average
40
Average
50
Average
60
Pure melt 
shear stress 
(dyne cm~2x 105) 
1.06(5) 
1.05(4) 
1.04(5) 
1.05(4) 
1.03(6) 
1.05(1) 
1.16(1) 
1.14(0) 
1.14(0) 
1.15(8) 
1.13(2) 
1.14(6) 
0.91(0) 
0.90(0) 
0.89(9) 
0.89(5) 
0.89(7) 
0.90(2) 
0.58(5) 
0.57(3) 
0.57(5)
C =0.086 v
shear stress 
(dyne cm*"2* 1 05) 
1.42(7) 
1.39(5) 
l*4lCl)
1.53(6)
1.51(7)
1.52(7)
1.21(6)
1.21(6)
1.21(6)
0.79(9)
0.77(9)
0.78(9)
1.34(3)
1.33(2)
1.34(8)
1.37(0)
(continued...)
TABLE 11.0 (continued...)
Shear rate Time
.-1 minutes
Pure melt
shear stress
C =0.086 v
shear stress
(dyne cm~2x 105) (dyne cm~2x 105! 
0.58(2!
0.56(5
0.24-
Average
70
0.71
Average
80
1.18
Average
90
0.57(6
0.36(7
0.35(9
0.35(9
0.35(9
0.35(9
0.36(1 
0.78(1 
0. 76(8 
0.77(2 
0.77(9 
0.75(6
Average
0.77(1
1.04(5
1.02(8
1.03(8
1.04(2
1.01(6
1.03(4
0.48(6)
0.48(3)
0.48(5)
1.05(1)
1.04(0)
1.04(6)
1.39(5)
1.37(8)
1.38(7)
1.34(2)
1.35(6)
1.34(1)
Average r\ = 1.34(8)
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Figure 11.0 is a graph of relative viscosity against volume concentration 
of spherical particles for the following:
Ballotini, C 0.03, 0.050 and 0.005 in LDPE at 122°C;
Ballotini, C 0.03, 0.050 and 0.005 in LDPE at 162°C.3 y  9
Figure 11.9 is a graph of relative viscosity against volume concentration 
of spherical particles for the following:
Ballotini, Cv 0.03, 0.050 and 0.005 in EVA at 122°C,
Bronze (25-M-5 ym) spheres, 0.03, 0.050 and 0.005 in EVA at 122°C.
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It was considered likely that control experiments using suspensions 
of glass and bronze in a Newtonian fluid would yield interesting data 
for use in comparison with polymer melt suspension results. In addition 
it could throw light on the difference between glass and bronze spheres 
at 122°C apparent in figures 11.7 and 11.8 at the highest volume 
concentration studied.
11.5. Suspensions in Newtonian Fluids
Suspensions of ballotini, bronze (75-90 ym) spheres and a 
spherical acrylic moulding powder "Kallodoc” (75-90 ym fraction) were 
prepared, the suspending medium being a Newtonian fluid, "Hyvis” .
The volume concentrations studied differ from those of the 
suspensions in polymer melts being 0.035, 0.068 and 0.100 for the bronze 
and kallodoc and 0.050 and 0.100 for the ballotini suspensions. This 
unfortunately makes comparison between the data more diffucult.
The suspensions were prepared and the procedures detailed in 
sections 3.5 and 9.6.
The data plotted in figure 11.10and tabulated in table 11.2 are 
the average of several independent runs over a range of 3 shear rates 
(1.57, 2.1 and 2.76 s~ 1 at the inner cylinder) at any one volume concen­
tration of particles. The uncertainty in viscosity measurement of the 
pure fluid was about ± 1% and the uncertainty in relative viscosity value 
about ± 1.4%.
No significant difference is apparent between the kallodoc and 
bronze suspensions at volume concentrations of 0.035 or 0.068. However, 
at a volume concentration of 0.100 the viscosity increase due to the
- 181 -
kallodoc is significantly less than that due to the bronze or ballotini, 
that is 1.31(2) as compared to 1.37(0).
The relative viscosity noted for the ballotini at Cv = 0.053 if 
extrapolated to 0.068 is not significantly different from that noted 
for the bronze or kallodoc suspensions.
11.6 Comments on the Relative viscosity - Concentration Results
The data plotted in figures 11.7 to 11.10 are tabulated in tables
11.1 and 11.2 in order to facilitate further discussion.
\
For the suspensions in polymer melts studied, over the shear rate 
range investigated, 0.24-1.42 s"1, for times of shear up to ninety 
minutes, the increase in viscosity due to the presence of dispersed 
spheres was independent of the shear rate or time of shearing. The 
uncertainty in viscosity measurements on independent samples of 
suspensions or pure polymer was ± 1%, the uncertainty in relative v 
viscosity being about ± 1.4%.
At first sight it appeared that the LDPE/bronze (75-90 ym) spheres 
at a temperature of 122°C and volume concentration of 0.085 differed 
significantly from the other suspensions. However, after looking at 
the data from which the r\ - 1.34(8) result for this suspension is based 
(see table 1 1 .0 ), that is, two independent runs for the suspension and 
five for the base polymer, there is no statistical justification for 
such a major conclusion.
After allowing for uncertainty in n , it is not possible to conclude 
that there is any significant difference between the np ~ Cv relation­
ships for the polymer melt suspensions studied.
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Bearing in mind the fact that the relative viscosity data recorded 
for the suspensions in the polymer melts and the Newtonian fluids are, 
with the exception of the ballotini/Hyvis = 0.05C result, at different 
volume concentrations, the following point is worthy of note.
The effect of altering the non-Newtonian flow index from 1 to 
^0.67 with these shear rates, suspended and suspending materials (see 
figure 1 1 .1 1) is of the same order of magnitude as the differences 
between the data recorded on either: suspensions of glass and bronze in 
LDPE and EVA; or between the data recorded on glass, bronze and kallodoc 
in Hyvis polybutene.
If reference is made to figure 11.11, it can be seen that the 
relative viscosity values recorded for the suspensions studied do not 
differ greatly from those of either Rutgers’ (1962) average sphere curve, 
or those predicted by Mooney’s (1951) equation, both of which are 
concerned with spheres dispersed in Newtonian media.
DEPENDENCE OF RELATIVE VISCOSITY ON VOLUME
TABLE 11.1
CONCENTRATION OF SPHERES
SUSPENSIONS IN POLYMER MELTS
Volume concentration 0.03
Polymer Filler Temperature °C
LDPE ballotini 
LDPE ballotini
LDPE bronze(75~90ym)
LDPE bronze(75-9Oym)
LDPE bronze(25-~45yin)
EVA ballotini 
EVA bronze(25-45ym)
122
162
122
162
122
122
122
1.07(4)
1.04(8)
1.00(0)
0.050
n.
0.005
r 'r 'r
1.00(2) 1.18(4) 1.20(6)
1.09(0) 1.17(6) 1.29(2)
1.17(6)
1.15(0)
1.10(4)
1.34(0)
1.30(6)
1.32(0)
1.05(2) 1.16(0) 1.26(0)
1.06(8) 1.17(6) 1.27(8)
TABLE 11.2
SUSPENSIONS IN A NEWTONIAN FLUID
Measurements taken at 30°C
Volume concentration
Fluid
Hyvis Polybutene
Relative viscosity 
Filler 
ballotini 
bronze(75-90ym) 
kallodoc
0.035 0.050 0.060 0.100
1.20(0) - 1.37(0)
1.10(2) 1.20(2) 1.37(0)
1.09(0) 1.20(0) 1.31(2)
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